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A bunny rabbit is sitting in a clearing in the woods, typing away on his 
laptop computer. A fox comes along, and asks the bunny rabbit what he is 
doing. The rabbit replies, "I'm writing my PhD thesis." 
"What are you writing about?" asks the fox. 
"The title of the thesis is: 'Predation by Bunny Rabbits on Foxes and 
Wolves," said the rabbit. 
"Predation by rabbits on foxes and wolves?" exclaimed the fox, "But rabbits 
don't prey on foxes and wolves--that's counterintuitive!" 
"Well" said the rabbit "perhaps you would like to come down into my burrow, 
and see my data!" The fox follows the rabbit down the rabbit hole, and a few 
minutes later the rabbit emerges brushing fox fur from his arm and picking bits 
of fox out of his teeth. He returns to his typing. 
A few minutes later, a wolf comes by, and asks the rabbit what he is doing. 
"I'm writing my PhD thesis; it's titled: 'Predation by Bunny Rabbits on Foxes and 
Wolves," said the rabbit. 
"Predation by rabbits on foxes and wolves?" exclaimed the wolf, "But rabbits 
don't prey on foxes and wolves--that's counterintuitive!" 
"Well" said the rabbit "perhaps you would like to come down into my burrow, 
and see my data!" The wolf follows the rabbit down the rabbit hole, and a few 
minutes later the rabbit emerges brushing wolf fur from his arm and picking bits 
of wolf out of his teeth. He returns to his typing. 
A few minutes later, a grizzly bear emerges from the rabbit hole, turns to the 
bunny rabbit, and says, "The second chapter looks fine. I'll read the third chapter 
next week." 
And so, the moral of the story is that it does not matter if your research is 
counterintuitive, as long as you have the right supervisor. 
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Abstract 
Wis2 is a Cyp40 type cyclophilin, consisting of a highly conserved N-terminal 
cyclophilin domain and a C-terminal domain containing three tetratricopeptide 
repeat (TPR) units and a putative calmodulin binding site. It was originally 
identified as a multicopy suppressor of the G2-M defect of a cdc25-22 weel-50 
win 1-1 triple mutant S.pombe strain. Mammalian Cyp40s have been found in 
intermediate, inactive steroid hormone receptor complexes that also contain 
Hsp9O. 
It has previously been reported that there is no effect associated with either 
overexpression or deletion of zvis2 in wild-type or a variety of cell cycle mutant 
strains at the permissive or restrictive temperatures. 
The work described in this thesis is concerned with further genetic and 
molecular analysis of wis2. The aim of this work was to establish a cellular 
function for wis2 and to explain the effect of overexpression in the triple mutant 
strain described above. 
Using an in vitro binding assay, a number of proteins that show a physical 
interaction with Wis2 were isolated. These proteins were identified by peptide 
sequencing. Five were found to be ribosomal proteins. Another, -85kD, was 
identified as S.pombe Hsp90; the intensity of the interacting band is increased, 
and the interaction is more consistent, if the extract is made from S.pombe cells 
which have previously been heat shocked. 
Genetic analysis revealed that overexpression of wis2 lowers the restrictive 
temperature of a number of cdc2 mutant alleles which arrest at G2-M. This effect 
of enhancing a cell cycle block is in contrast to the situation in the cdc25-22 weel- 
xv 
50 win 1-1 background where the G2-M block is relieved by wis2 
overexpresslon. 
An extensive genetic screen was conducted to isolate mutations that are 
synthetically lethal with wis2A, with the aim of identifying functionally 
redundant genes or downstream targets of wis2. No synthetic lethal interactions 
were identified. 
Indirect immunofluorescence studies established that Wis2 is localised 
exclusively in the cytoplasm. Consistent with this, a consensus nuclear export 
signal was identified in the C-terminus of Wis2. 
Structure-function analysis showed that overexpression of the 
C-terminal domain of Wis2 alone has the same activity as full length Wis2 in vivo. 
Overexpression of the N-terminus alone had no observable effect in the genetic 
backgrounds tested. The C-terminal domain of Wis2 was shown to be 
responsible for the interaction with Hsp90 in the in vitro binding experiment; this 
is consistent with results from other systems where the TPR domain was found 
to be responsible for Hsp90 binding. 
xvi 
Chapter 1. Introduction. 
1.1 Schizosaccharomyces pombe and the eukaryotic cell cycle. 
1.1.i The eukaryotic cell cycle. 
The cell cycle is the process by which cells reproduce and comprises two 
critical phases, S phase, during which chromosomal DNA is replicated, and M 
phase which sees the subsequent separation and distribution of the replicated 
genome between the two daughter cells. Separating these two phases are Gi 
(before S phase) and G2 (after S phase). The order and integrity of cell cycle 
events must be maintained to ensure the production of viable progeny. An 
elaborate system of controls and checkpoints exists to monitor and regulate 
progression through the various stages of the cell cycle. 
Cells can exit the cell cycle from Gi or G2. In multicellular eukaryotes most 
of the cells in intact organs have exited the cell cycle after division, but before 
the restriction point in Cl, and are in a state known as GO. The restriction 
point is a specific stage of Gi after which cells are committed to progress 
through the remainder of the cell cycle independent of extracellular signals 
(Pardee, 1974). 
In yeast, Start in GI is broadly equivalent to the restriction point in higher 
eukaryotes (Hartwell, 1974). At Start, cells commit to one of three fates: 
progression through the mitotic cell cycle, entry into a sexual cycle or arrest 
and entry into the stationary phase GO in which viability can be maintained 
for long periods. The fate of the cell depends on external signals such as 
nutrient levels or pheromones. 
As mentioned above, the cell cycle is a very ordered and regulated process. 
One type of regulation co-ordinates cell growth and division. Almost all cells 
must grow between divisions, the exception being during the early stages of 
embryonic development. Lack of co-ordination of cell growth and division 
would lead to a population of cells becoming progressively smaller (Murray 
et al., 1991). In yeast it has been shown that this control is achieved by having 
a critical size requirement for passing through certain cell cycle stages. This 
can be demonstrated in the budding yeast, Saccharomyces cerevisiae, by 
altering growth conditions to produce differently sized daughter cells 
(Hartwell et al., 1977). Smaller daughter cells have to grow for longer before 
they can pass through Start. A size requirement is also seen in S.pombe but is 
active in G2 so that cells must achieve a certain size before progressing 
through mitosis and cell division (Nurse, 1975) and (Nurse et al., 1981), 
reviewed in (Fantes, 1989). 
Another type of regulation is the co-ordination of cell cycle events, for 
example, cells must ensure that mitosis does not begin until replication is 
completed, if these two events are not co-ordinated the result could be 
aneuploid or polyploid daughter cells. A number of cell cycle checkpoints 
have now been identified and are the subject of much research, these include 
replication, DNA damage, and spindle assembly checkpoints (Sheldrick et al., 
1993). These checkpoints are often signal transduction cascades which feed 
into the normal cell cycle progression machinery leading to arrest so the 
problem can be addressed. An example of this is the response to DNA 
damage, if DNA damage is detected, cells arrest in G2 until the damage is 
repaired then re-enter the cell cycle again. 
The normal cell cycle machinery referred to above is the system of cyclin 
dependent icinases  (CDKs) which are the driving force of cell cycle 
progression (Murray et al., 1993). The protein kinase activity is regulated by 
availability of regulatory cyclins, changes in phosphorylation of key 
residues on the kinase subunit and association with CDK inhibitors (Nurse, 
1990) and (Morgan, 1995). Other regulatory processes important to cell cycle 
progression are proteolysis and changes in transcription level. Proteolysis 
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controls cyclin levels and contributes to changes in sister chromatid cohesion 
at anaphase (Murray et al., 1993) (Shirayama et al., 1999) (Nasmyth, 1999). 
Some genes are transcribed in a cell cycle regulated manner, for example 
genes required for DNA synthesis are activated in Gi by a family of 
transcription factors, but if this system is perturbed and the genes are 
activated earlier in Gi, S phase can be advanced (Muller, 1995). 
1.1.ii S.pombe as an experimental organism. 
The fission yeast, Schizosaccharomyces pombe, is a unicellular ascomycete with 
rod shaped cells. S.pombe grows by apical extension, divides by medial fission 
and is amenable to both classical and molecular genetic analysis; these 
features have made it an ideal model organism for studying the eukaryotic 
cell cycle. 
S.pombe cells grow under relatively simple conditions. For laboratory 
purposes, S.pombe are grown in either complex or minimal medium at 20°C 
to 36°C (Moreno et al., 1991). The temperature used depends on the presence 
of heat or cold sensitive mutations, with wild-type cells commonly grown at 
32°C. The generation time varies with strain, medium and temperature. 
The S.pombe life cycle consists of haploid and diploid mitotic cell cycles, 
conjugation, meiosis and sporulation (outlined in Figure 1.1); changes are 
controlled by nutritional conditions and the presence of mating 
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Figurel.1 . Life cycle of Schizosaccharomyces pombe. 
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Life cycle of Schizosaccharomyces pombe. Top left, haploid mitotic cycle. 
Centre and lower left, haploid cells mating to form diploid zygote, 
followed by meiosis and sporulation leading to zygotic ascus 
formation. Lower right, re-entry of diploid zygotes into mitoic cycle. 
Figure reproduced from The Cell Cycle: A Practical Approach (1993). 
pheromones. Haploid cells are of two mating types, known as h and h-. 
When supplied with adequate nutrients, haploid cells will grow and enter the 
mitotic cell cycle. Starvation induces one of several alternative developmental 
fates. If cells of a single mating type are present, they will exit the mitotic cell 
cycle at Cl or G2 and accumulate in stationary phase. However, if cells of 
both mating types are present, they will transiently arrest in Cl and then 
conjugate to form a diploid zygote. Under continued nutrient limitation the 
diploid will undergo meiosis and sporulation, forming an ascus containing 
four haploid spores which will lie dormant until nutrient conditions improve. 
If the diploid zygote is supplied with adequate nutrients, it will re-enter the 
mitotic cell cycle and divide vegetatively as a diploid (Egel et al., 1974). 
The S.pombe genome is - 14Mb, approximately the same as the budding 
yeast S.cerevisiae, and is contained in three chromosomes. An international 
project, started in 1995, to sequence the entire genome is expected to be 
completed in 2000. The data generated from this work is available in a 
number of forms (e.g., raw sequence, annotated data, predicted proteins 
grouped by sequence homology/ activity) and can be easily searched from 
the Sanger Centre website: 
http: / /www.sanger.ac.uk/Projects/S_pombe/  
This has proved to be an extremely useful resource and has further 
highlighted the conserved genes and processes between S.pombe and higher 
eukaryotes. 
1.1.iii The S.pombe mitotic cell cycle. 
The mode of growth of S.pombe by apical extension allows the cell cycle 
position of a cell to be estimated by a simple length measurement: haploids 
are —14jim long at division, giving rise to daughter cells —7j.im long. This 
feature made S.pombe an attractive choice for cell cycle studies (Mitchison, 
1957). The cell division of S.pombe by medial fission is more typical of higher 
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eukaryotes than the budding of S.cerevisiae. Comparison of the cell cycle 
mechanisms of these two distantly related yeasts (Sipiczki, 1989) can indicate 
highly conserved features or illustrate alternative strategies to achieve similar 
objectives. 
The mitotic cell cycle of S.pombe is typically eukaryotic, with discrete Cl, S. 
G2 and M phases (Fantes, 1989). In rapidly growing cells, G2 occupies - 70% 
of the cell cycle, with most of the growth taking place during this phase. Entry 
into mitosis is marked by chromosome condensation and rapid microtubule 
rearrangement where the cytoplasmic microtubule array disappears and a 
short spindle is formed. In contrast to higher eukaryotes, the nuclear 
envelope remains intact during mitosis, which is also true for S.cerevisiae 
(reviewed in (Nurse, 1985). After mitosis, the cell is divided by a septum 
formed across its centre, separation occurs when the septum is cleaved. Gi 
and S phase are completed soon after mitosis so that the nuclei of the 
daughter cells are already in G2 at separation. 
The GI and G2 phases of the cell cycle are major control points concerned 
with regulating the onset of S phase and mitosis. In rapidly growing cells, the 
G2 phase is rate limiting for progress through the cell cycle, ensuring that 
mitosis and cell division occur only when the cell has reached a critical size 
(Nurse et al., 1981). The G2-M transition also requires completion of DNA 
replication, which was demonstrated by blocking DNA replication and 
finding that cells would not enter mitosis (Enoch et al., 1990), (Sheidrick et al., 
1993). Cell cycle controls also exist in Gi but the size threshold only becomes 
apparent under very slow growth conditions or in cell size mutants. An 
important Cl control mediates the requirement for the completion of mitosis 
before S phase can commence; cells blocked in G2 cannot undergo S phase 
(Moreno et al., 1994). As mentioned earlier, there is an elaborate system of 
checkpoints and controls which are the subject of much ongoing work in a 
number of organisms, however these will not be described in great detail in 
this thesis (see (Murray, 1992), (Woollard et al., 1995) and (Russell, 1998) for 
reviews). 
1.1.iv Universal cell cycle control mechanisms. 
It has become apparent that many cell cycle control mechanisms are 
conserved throughout eukaryotic evolution. In this section I will describe the 
main features of the conserved G2 to mitosis transition controls that are 
relevant to this project. 
The key mitotic regulator, conserved from yeast to mammals, is the 
serine/threonine protein kinase Cdc2. The S.pombe cdc2 gene was first 
isolated genetically and was shown to be absolutely required for entry into 
mitosis (Nurse et al., 1976), (Nurse et al., 1981). Functional and structural 
homologues of Cdc2 have since been found in all cell types examined. 
Biochemical evidence for the role of Cdc2 came from Xeno pus oocyte extracts 
where it was found to be the active enzymatic component of Maturation 
Promoting Factor (MPF) (Masui et al., 1971). MPF is responsible for induction 
of M phase and oocyte maturation (Dunphy et al., 1988), (Gautier et al., 1988). 
The human homologue of Cdc2 was cloned by complementation of a S.pombe 
cdc2 mutant strain, indicating an extensive functional overlap between the 
proteins from the two diverse species (Lee et al., 1987). 
Cdc2 protein levels remain constant throughout the cell cycle but the kinase 
activity peaks at the G2/M boundary when it is required to induce the onset 
of mitosis [for examples see (Draetta et al., 1988), (Moreno et al., 1989)]. Cdc2 
is regulated both by physical interactions with other proteins and by 
phosphorylation state of key residues. The main proteins that interact with 
and regulate its activity are cyclins. Cyclins were first characterised as proteins 
that accumulate periodically during the rapid synchronous early divisions of 
sea urchin embryos (Evans et al., 1983) and have since been found to be 
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essential for the protein kinase activity of CDKs and may be implicated in cell 
cycle stage specificity. Cyclin B forms a complex with Cdc2 to form the 
previously mentioned MPF which is required for initiation of M phase in all 
eukaryotes. 
Reversible phosphorylation of specific residues on Cdc2 contribute to the 
regulation of the Cdc2-CyclinB kinase activity, and these modifications are 
executed in a cell cycle dependent manner. The phosphorylation sites have 
been identified by genetic methods and phosphopeptide mapping. In S.pombe, 
phosphorylation of Tyr15 negatively regulates Cdc2 kinase activity. Tyr15 
phosphorylation maintains Cdc2-CyclinB in an inactive form throughout S 
and G2, and removal of this inhibitory phosphate is absolutely required for 
activation of Cdc2 kinase activity and entry into mitosis at the G2/M 
transition (Gould et al., 1989). Inhibitory phosphorylation of Tyr15 is 
conserved in vertebrates, however, there is an additional inhibitory 
phosphorylation on the adjacent residue Thr14 (Krek et al., 1991), (Norbury 
et al., 1991). 
Another conserved residue of Cdc2 kinases, which is also phosphorylated in 
a cell cycle dependent manner, is Thr167 in S.pombe, which is equivalent to 
Thr161 in human (Gould et al., 1989), (Krek et al., 1991). In contrast to the 
inhibitory phosphorylation of the residues in the ATP binding site, this 
phosphorylation event is required for Cdc2 kinase activity (Gould et al., 1991). 
Cdc2 in fission yeast, and its equivalent in budding yeast, Cdc28, plays a 
dominant role in the G1-S transition as well as G2-M and is associated with 
different cyclins at each stage. This G1-S role is not conserved in higher 
eukaryotes (Nurse et al., 1981). In higher eukaryotes the original Cdc2 
homologue, Cdkl, operates at the G2-M transition (Th'ng et al., 1990), 
(Hamaguchi et al., 1992), and other related cyclin dependent kinases, such as 
Cdk2, act to regulate the G1-S transition. 
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1.2 Cell cycle regulation in S.pombe 
1.2.i Cell cycle mutants and cell cycle regulatory genes. 
Cell cycle studies in S.pombe have mainly centred on the analysis of mutants. 
These mutants can be arranged into four broad categories: mutants which are 
blocked at a specific stage of the cell cycle; mutants that are defective in the 
co-ordination of cell growth and cell division; mutants unable to co-ordinate 
cell cycle events; mutants that show genetical interactions with established cell 
cycle mutants. 
S.pombe mutants that arrest at a specific stage of the cell cycle are known as 
cdc mutants (for cell division cycle) and usually display a cell elongation 
phenotype [reviewed in (Fantes, 1989), (MacNeill et al., 1994)]. Due to the 
lethal nature of the phenotypes, cdc mutants have been isolated as 
conditional, usually temperature sensitive, mutants. Cells may arrest at 
different stages of the cell cycle, so cdc mutants can be further classified 
according to arrest point and include mutations in genes required for passage 
through Start, DNA replication, entry into mitosis and septation [for 
examples see (Fantes, 1989), (Carr et al., 1989)]. 
Under conditions of rapid growth, entry into mitosis is the rate limiting step 
for overall progression through the cell cycle. Mutants that can alter the 
timing of entry into mitosis can therefore affect the co-ordination of cell size 
and cell cycle stage. Advancing the timing of entry into mitosis shortens G2, 
the phase where most cell growth takes place and results in cells which are 
shorter than wild-type, the "wee" phenotype (Nurse, 1975). This can be 
achieved by mutants of Cdc2 that are resistant to the normal regulation 
mechanisms [(Nurse et al., 1980), (Fantes, 1981)] or by mutations of genes 
which regulate Cdc2 kinase activity (see section 1.2.ii). 
we 
Mutations which break the dependency of cell cycle events on the 
completion of earlier events can lead to a variety of terminal phenotypes. 
Examples include the "cut" phenotype where cytokinesis proceeds in the 
absence of nuclear division [reviewed in (Yanagida, 1998)]; the presence of 
polyploid nuclei which indicates extra round(s) of DNA replication without an 
intervening mitosis [(Broek et al., 1991), (Moreno et al., 1994)]. 
A number of other genes have been identified that interact with established 
cell cycle genes. These include genes which are not normally required for the 
G2 to M transition but which are involved in transducing extracellular signals 
and eliciting a cell cycle response. 
1.2.ii Genetic network regulating entry into mitosis 
Much work has been done in S.poinbe as a model organism to elucidate a 
mechanistic model for control over the entry into mitosis; homologues have 
been found in higher eukaryotes for many of the components of this model, 
which is outlined in figure 1.2. 
At the G2-M transition point, Cdc2 is complexed with Cdc13, a G2 specific B-
type cyclin (Booher et al., 1987), (Booher et al., 1988). This complex 
accumulates during Cl (absent in early Cl) and S phases but is inactive until 
required to initiate mitosis. Cdc13 is absolutely required for Cdc2 kinase 
activity and entry into mitosis. The activity of the Cdc2-Cdc13 complex is 
regulated by phosphorylation of specific residues of Cdc2 [(Gould et al., 1989), 
(Draetta et al., 1988)] as shown in Figure 1.2. 
Two genes, wee1 and mik1, have been identified as negative regulators of 
Cdc2-Cdcl3 kinase activity which act by phosphorylating residue Tyr15 of 
Cdc2 (Russell et al., 1987), (Lundgren et al., 1991). The wee1gene product 
belongs to an unusual class of protein kinase capable of phosphorylating 
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both serine and tyrosine residues (Featherstone et al., 1991), (Parker et al., 
1992). The inik1 gene shares extensive sequence homology with wee1 
(Lundgren et al., 1991). The wee1 gene is a dosage dependent inhibitor of 
mitosis while loss of weel function advances mitosis resulting in the short 
"wee" phenotype (Russell et al., 1987). Loss of mik1 function has no effect on 
cell length in otherwise wild type cells. Although neither wee1 nor mik1 is 
essential, loss of both activities leads to rapid dephosphorylation of Tyr15 and 
to mitotic catastrophe, apparently unregulated entry into mitosis which is 
lethal (Lundgren et al., 1991). This suggests that Weel and Mikl share an 
overlapping function, which is required for phosphorylation of Cdc2 Tyr15 
residue, but that Weel plays the major role. 
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Figure 1.2. Central events controlling Cdc2-Cdc13 kinase activity and 
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Inactive Tyr15 and Thr167 phosphorylated Cdc2-Cdc13 complex 
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, _: 	Active Thr167 phosphorylated Cdc2-Cdc13 complex 
P - Tyr15 inhibitory phosphorylation added by Weel and Miki kinases, 
removed by Cdc25 
P - Thr167 activating phosphorylation added by CAKs, removed by 
PP2C(?) 
Weel and Miki tyrosine phosphorylate and inhibit Cdc2, and this 
phosphorylation must be removed to activate the Cdc2-Cdc13 complex. 
Cdc25 was identified as a dosage dependent activator of mitosis, acting in 
opposition to Weel (Russell et al., 1986). The levels of both cdc25 mRNA and 
Cdc25 protein fluctuate during the mitotic cell cycle reaching a maximum at 
the G2 to M transition point (Moreno et al., 1990), (Ducommun et al., 1990). 
cdc25 is essential for cell cycle progression, so that cells lacking cdc25 
function arrest in G2, but only in the presence of functional weel (Russell et 
al., 1987), (Russell et al., 1986), (Fantes, 1979). There is genetic [(Gould et al., 
1989), (Gould et al., 1990)] and in vitro (Millar et al., 1991) evidence to suggest 
that the cdc25 gene product induces mitosis by dephosphorylating Cdc2 on 
Tyr15, thereby activating Cdc2 mitotic kinase activity. A second protein 
tyrosine phosphatase, encoded by pyp3, also contributes to Cdc2 Tyr15 
dephosphorylation (Millar et al., 1992). Pyp3 function is not essential in wild-
type cells but does cause a mitotic delay that is enhanced in cells which are 
partially defective in Cdc25 function. pyp3 is however essential in a cdc25 
weel double mutant background. 
It is clear that at the G2 to mitosis transition Cdc25 must be activated, and 
Weel and Miki must be inhibited, if a cell is to enter mitosis and progress 
through the cell cycle. This is achieved by phosphorylation of the three 
regulators by multiple kinases, including Cdc2 itself (Patra et al., 1999). The 
nimTt/cdr1 gene [(Russell et al., 1987), (Young et al., 1987)] encodes a protein 
kinase that can negatively regulate the Weel protein by phosphorylation of 
one or more serine residues within the catalytic domain. This direct inhibitory 
phosphorylation has been demonstrated in vitro [(Wu et al., 1993),(Coleman 
et al., 1993)] and (Parker et al., 1993). In vivo, levels of Niml/Cdrl activity 
parallel levels of Weel phosphorylation (Wu et al., 1993). 
Weel, Miki and Cdc25 are also targets of checkpoint kinases that prevent 
mitosis in response to upstream signals. Cdsl protein kinase is activated by 
the S-M DNA replication checkpoint. It is proposed to phosphorylate and 
activate Weel and Miki, delaying the onset of mitosis in response to 
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incomplete DNA replication. There is also evidence that Cdsl phosphorylates 
and inhibits Cdc25 to prevent Cdc2 Tyr15 dephosphorylation (Furnari et al., 
1999). Another checkpoint kinase shown to phosphorylate and inhibit Cdc25, 
in vivo and in vitro, is Chkl which is activated by the G2-M DNA damage 
checkpoint (Furnari et al., 1999). 
As mentioned in section 1-1-iv, phosphorylation of Thr167 by a Cdk 
activating kinase (CAK) is required for tight cyclin binding and activation of 
the Cdc2 kinase activity. Evidence suggests that S.pombe contains two partially 
redundant CAKs: the Mcs6-Mcs2 complex and Cskl (Lee et al., 1999). 
Inactivation of both CAKs prevents Cdc2 activation and causes cell cycle 
arrest. The phosphatase responsible for the removal of this phosphate in 
S.pombe is still unknown; studies in human and budding yeast systems 
implicate type 2C phosphatases in this role (Cheng et al., 1999) 
1.3.icdc25-22 weel-50 winl-1 triple mutant 
As described in section 1.2.ii., cdc25 is absolutely required for entry into 
mitosis, cdc25-22 cells display a typical mitotic arrest phenotype (long cells) at 
the restrictive temperature. In the absence of its antagonist wee1, in a weel-50 
background, the cdc25-22 phenotype is suppressed. The double mutant is 
viable at the restrictive temperature, where cdc25-22 alone is not, and the cells 
are phenotypically wee. The win 1-1 mutation was identified in a screen for 
mutations that reverse the suppression of 
cdc25-22 by weel-50 (Ogden et al., 1986). The win 1-1 mutation confers a 
conditional lethal phenotype in cdc25-22 weel-50; on minimal medium at the 
restrictive temperature the majority of the cells are extremely elongated and 
unable to form isolated colonies. In addition, a high proportion of the cells 
display a branched or bent morphology. The effect of win1-1 in a cdc25-22 
weel-50 is only seen on minimal medium, while cells grown in complex 
medium grow as the cdc25-22 weel-50 double mutant. winl-1 single mutant 
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cells are 30-50% longer than wild-type, a phenotype that is also strongly 
growth medium dependent. The component(s) of the complex medium 
responsible for the suppression of the win 1-1 effect is not known. 
The win1 gene has now been cloned, see end of this section, but at the time 
of the original work with the cdc25-22 weel-50 win 1-1 triple mutant strain the 
only information about wini was in the form of genetic interactions of the 
winl-1 mutation. The winl-1 mutation affects the terminal phenotype of 
cdc13-117 mutant cells which carry a temperature sensitive allele of cdc13 
(encoding the major S.pombe G2-M cyclin). cdc13-117 mutant cells at the 
restrictive temperature display a "mitotic" arrest phenotype with condensed 
chromosomes and a high proportion of septated cells. In contrast, the 
terminal phenotype of cdc13-117 winl-1 mutant is that of a G2 arrest with 
elongated cells that have not formed septa. 
Three situations which result in a "wee" phenotype in a wild-type 
background, weel-50, cdc2-1w and overexpression of cdc25, are all capable of 
suppressing the elongation phenotype of winl-1. In contrast, the 
cdc2-3w mutation cannot suppress the phenotype of the win 1-1 mutation. 
These observations suggested that win 1-1 cells are still sensitive to both Weel 
and Cdc25 expression levels and that the interaction with cdc2 mutants is 
allele specific. 
Other mutations capable of reversing the suppression of cdc25-22 by weel-
50 are mcs3-12, mcs4-13 and mcs6-13. These mutations were originally isolated 
by their ability to rescue the mitotic catastrophe phenotype of weel-50 cdc2-
3w. Mutations of the mcs genes also show a wide range of interactions with 
other components of the mitotic control mechanism. 
As mentioned earlier, the win TI gene has now been cloned and found to 
encode a MAPKKK (mitogen activated protein kinase kinase kinase) involved 
in the osmotic stress signalling pathway (Samejima et al., 1998). MAP kinase 
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cascades are implicated in mediating cell cycle responses to a variety of 
extracellular signals [for a review of MAPK cascades in budding yeast see 
(Levin et al., 1995)]. 
1.3.ii Multicopy suppressors of cdc25-22 weel-50 winl-1 
In a large screen of S.pombe genomic libraries for plasmids able to rescue the 
conditional lethal defect of cdc25-22 weel-50 win 1-1, five extragenic multicopy 
suppressors were isolated. The five genes were designated wis1 to wis5 (for 
win suppressing) (Warbrick et al., 1992). Only wis1 and wis4 are capable of 
suppressing the winl-1 single mutant phenotype. Wisl has now been 
identified as the MAPKK downstream of Wini, and Wis4 is another 
MAPKKK that activates the same downstream pathway as Wini, in response 
to different extracellular signals. wis5 has not been further characterised to 
date. 
wis2 and wis3 are also able to suppress the lethal phenotype resulting from 
the combination of cdc25-22 weel-50 with mcs3-12, mcs4-13 or 
mcs6-13. Of the other wis genes, wisTL can suppress the cdc25-22 weel-50 mcs4-
13 lethal defect. 
The following section describes what was known of Wis2 at the start of the 
work presented in this thesis. 
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1.4 Wis2 
This section is mainly a summary of the work of Ronit Weisman and is 
contained within her thesis and the publication (Weisman et al., 1996). 
1.4.i Cloning and sequence analysis 
The "wis2" gene library plasmid identified in the screen for multicopy 
suppressors of the cell cycle defect of the cdc25-22 weel-50 win 1-1 triple 
mutant strain was subcloned to identify the region responsible for the 
suppression activity. A 1068nt open reading frame (ORF) was cloned 
downstream of the regulatable nmtl promoter (Maundrell, 1990) and shown 
to suppress the cdc25-22 weel-50 win 1-TI mutant phenotype under promoter 
derepressing conditions (absence of thiamine) but not promoter repressing 
conditions (presence of thiamine), thus confirming that the ORF was 
responsible for wis2activity (Weisman et al., 1996). The predicted product of 
the wis2 ORF is a 356 amino acid polypeptide with a molecular mass of 
40.lkDa. 
Database searches revealed an 18kDa cyclophilin domain (Handschumacher 
et al., 1984) at the N-terminus of Wis2 (amino acids 1-168). This domain 
showed 63% identity to Toxoplasma gondii cyclophilin (High et al., 1994), 62% 
identity to Candida albicans cyclophilin (Koser et al., 1990) and the 18kDa 
cyclophilin (Cyp-1) from S.pombe (De Martin et al., 1990). The C-terminus is 
about 30% identical to the C-terminus of FKBP-59, an immunophilin of the 
FK-506 binding class (Fretz et al., 1991). Over its entire length, Wis2 showed 
most similarity to bovine and human cyclophilin-40 (Kieffer et al., 1992; 
Kieffer et al., 1993) and human oestrogen receptor binding cyclophilin (ERBC) 
(Ratajczak et al., 1993). This correlated well with the observation of a 40kDa 
protein, that was recognised by anti-human Cypl8 antibody, extracts of 
S.pombe strains overexpressing wis2 (Weisman et al., 1996). 
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Cyclophilins have peptidyl-prolyl cis/trans isomerase (PPIase) activity and 
bind the immunosuppressant drug Cyclosporin A (CsA), hence the name. 
PPlases, and Cyp40 type cyclophilins in particular, will be discussed later. 
1.4.ii wis2 deletion and overexpression phenotypes 
The effect of deletion and overexpression of wis2 in wild-type and cell cycle 
mutant backgrounds was investigated in order to identify possible 
interactions (Weisman et al., 1996). Deletion of wis2 in an otherwise wild-type 
background resulted in cells indistinguishable from a wild-type strain in terms 
of cell size and morphology over a range of temperatures from 20-36°C. 
Tetrad analysis of a wis2A strain also showed that the wis2 gene is not 
essential for viability under normal growth conditions. A wis2A strain was 
crossed with strains carrying the following mutations: winl-1, cdc25-22, cdc2-
33, wislA and cdc13-117. No defects associated with deletion of wis2 were 
observed in any case. The deletion of wis2 in a 
cdc25-22 weel-50 winl-1 background had no effect even though the 
overexpression of wis2 in this background shows a strong suppression 
phenotype. The lack of effect of deleting wis2 in any genetic background 
tested could be explained by the presence of another gene that acts 
redundantly with wis2. 
Moderate overexpression was achieved by transforming a multicopy 
plasmid carrying the wis2 gene into a number of S.pombe strains. No 
phenotypic effects were noted when wis2 was overexpressed in the following 
single mutant backgrounds: cdc25-22, cdc2-33, cdc2-1w, cdc2-3w, weel-50, 
cdc13-117, cdrl-34 and cdr2-69. 
Since Wis2 is a cyclophilin, and members of the cyclophilin family are 
known to mediate the effect of CsA in mammalian and S.cerevisiae cells, the 
effects of CsA on wis2A and wis2 overexpressing strains were tested. The 
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presence of CsA in the growth medium of wild-type cells results in an 
increase in the proportion of septated and multiseptated cells (Yoshida et al., 
1994). Neither the deletion nor overexpression of wis2 altered this CsA 
induced phenotype, suggesting that wis2 is not involved in mediating the 
effects of CsA in S.pombe. 
Wis2 expression is heat shock inducible, with the amount of wis2 mRNA 
increasing 10 to 15 fold after heat-shock at 37°C (Weisman et al., 1996). Heat-
shock response elements (HREs) that are known to mediate the heat shock 
response (Perisic et al., 1989) were found in the promoter region of wis2. The 
transcription factor that binds to HREs and stimulates transcription is heat 
shock factor (HSF). There is evidence of a general role for HSF in the growth 
of eukaryotic cells under nonstressed growth conditions (Gallo et al., 1993) 
with HSF being essential in S.pombe. In response to heat shock HSFs are 
activated resulting in the expression of heat shock genes and the subsequent 
expression of HSPs and molecular chaperones (Morimoto et al., 1997).Despite 
being heat shock inducible, Wis2 is not required for survival or recovery from 
heat shock. In addition to being heat shock inducible, Wis2 is also induced in 
response to exposure to cadmium in an HSF dependent manner (Saltsman et 
al., 1999). 
1.5 Peptidyl-prolyl cisitrans isomerases. 
1.5.i General 
PPlases are highly conserved, ubiquitous, multifunctional proteins 
(Hemenway et al., 1993). The process catalysed by PPlases is the 
interconversion of the cis and trans isomers of the peptidyl-prolyl (Xaa-Pro) 
bonds of peptide and protein substrates (Galat, 1993) (Figure 1.3). The ring 
structure of proline imposes restrictions on protein structure and Xaa-Pro 
bonds may not necessarily form in the correct stereochemical conformation 
(Galat et al., 1995). The interconversion of cis and trans isomers can be a rate 
limiting step during protein folding but can be accelerated by the action of 
PPlases (Steinmann et al., 1991; Gething et al., 1992). 
PPlases are divided into three groups, cyclophilins, FK506 binding proteins 
(FKBPs) and the more recently discovered Parvulin family. Each family is 
highly conserved and has specificity for particular substrates and inhibitors. 
Although they catalyse essentially the same reaction, the PPIase domains of 
the three families do not show any sequence, or structural, similarity. 
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Figure 1.3. Cis/trans isomerisation about a peptidyl-prolyl 





The interconversion of cis and trans isomers of peptidyl-prolyl 
bonds can be a rate limiting step during protein folding, but this 
conversion can be accelerated by the action of PPlases. 
Together, cyclophilins and FKBPs form the immunophilins, due to their 
binding of immunosuppressant drugs. Cyclophiliris bind CsA and FKBPs bind 
FK506 and rapamycin (Schreiber, 1991). The three immunosuppressant drugs 
inhibit the PPIase activity and act to block 
T-lymphocyte activation by preventing intermediate signal transduction steps 
(Flanagan et al., 1991; Timmerman et al., 1996). The exact mechanism by 
which the immunosuppressant drugs act has yet to be elucidated but is 
discussed in section 1.5.ii. 
The FKBP family consists of a diverse range of protein species, found in 
both prokaryotes and eukaryotes (Galat, 1993). Some of the FKBPs contain a 
single FKBP PPIase domain, for example hFKBP12, whereas others, such as 
hFKBP52(59), contain one or more of the basic FKBP domains (Kay, 1996). 
Little is known about the physiological role of most of the FKBPs, but one of 
those studied is FKBP12 which is implicated in Ca 2,  mediated signalling 
(Cameron et al., 1995). FKBP52(59) and FKBP54 have been identified as 
components of unliganded steroid hormone receptors (Johnson et al., 1994) 
which will be discussed in section 1.6.ii. 
Members of the Parvulin family have been isolated in E.coli (Rahfeld et al., 
1994; Rahfeld et al., 1994), S.cerevisiae (Hanes et al., 1989; Hani et al., 1995), 
human (Lu et al., 1996) and D.melanogaster (Maleszka et al., 1996). These are 
Parvulin, Essl/Ptfl, Pinl and dodo respectively. In S.cerevisiae an ESS1 null 
mutation is lethal but can be rescued by the D.melanogaster homologue dodo 
or overexpression of S.cerevisiae cyclophilin A. Human Pinl has been shown 
to be essential for regulation of mitosis and probably acts by interacting 
directly with a kinase (Lu et al., 1996). This family of proteins contain two 
domains, a PPIase catalytic domain and, with the exception of Parvulin itself, a 
WW protein interaction domain (Chen et al., 1995; Sudol et al., 1995). 
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1.5.ii Cyclophilins. 
Cyclophilins are a highly conserved group of proteins, examples of which 
have been found in all prokaryotic and eukaryotic organisms investigated. In 
many cell types, more than one cyclophilin is expressed [reviewed in 
(Schreiber, 1991) and (Galat, 1993)]. 
Cyclophilins display two properties. In vitro they catalyse the cis-trans 
isomerisation of peptidyl prolyl bonds, as described in section 1.5.i. It has 
been proposed that this activity is utilised in vivo to accelerate rate limiting 
steps of folding of proline containing proteins, and cyclophilins have been 
shown to possess chaperone activity in vitro. Another proposal is that the 
enzymatic activity is not important for protein biogenesis in vivo and that it is 
the strong binding of cyclophilins to proline-containing-proteins that stabilises 
structures and possibly modulates protein-protein interactions or trafficking 
in the cellular milieu (Galat, 1993). 
The second property of cyclophilins is that they can act as intracellular 
receptors for the immunosuppressive drug Cyclosporin A (CsA). CsA is a 
cyclic undecapeptide and a naturally occurring fungal secondary metabolite 
(Altschuh et al., 1994). CsA had a large impact on organ transplantation 
through its widespread use in the prevention of graft rejection. The CsA-
cyclophilin complex has been implicated in the disruption of Ca" mediated 
signal transduction pathways required for T-cell activation. Although the 
binding of CsA to a cyclophilin abolishes the PPIase activity (this is also true 
for the binding of FK506 or rapamycin to FKBPs) it is not thought that this is 
the mechanism by which the signal transduction pathway is disrupted. It is 
believed that the essential role of immuriophilins in immunosuppression is to 
form a complex with the drug and present it to its biological target and that 
only the complex, not the drug or immunophilin alone, is capable of 
interaction with the target [reviewed in (Liu, 1993)]. 
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The most common type of cyclophilins are -18kD soluble cytosolic proteins, 
Cypl8 type cyclophilins, containing only the conserved 'core' domain 
responsible for the PPIase and CsA binding activities. A number of cyclophilin 
subgroups have now been identified ranging from the Cyp18 proteins to 
160kD cyclophilins found in natural killer cells. All contain the conserved 
cyclophilin PPIase domain and are distinguished by their additional N-
and/or C-terminal sequences. The first cyclophilin for which a function was 
assigned was the product of the Drosophila melanogaster ninaA gene. ninaA is 
an integral endoplasmic reticulum (ER) protein which is expressed in 
photoreceptor cells, it is necessary for the transport of folded isoforms of 
rhodopsin (Rhi and Rh2) from the rough ER through the cytoplasm to the 
cell surface (Stamnes et al., 1991). Other cyclophilins for which physiological 
activity has been identified are mammalian CypD and CypB. Mammalian 
cyclophilin D is a component of the mitochondrial permeability transition 
pore and is involved in the activation of the pore in response to stress 
(Tanveer et al., 1996; Crompton et al., 1998). CypB is a secreted protein and 
results suggest that extracellular CypB interacts specifically with platelets and 
might act to increase platelet adhesion to collagen by regulating the activity of 
a receptor operated membrane Ca 2,  channel (Allain et al., 1999). 
1.5.iii Cyclophilin-40 type proteins. 
Wis2 belongs to the cyclophilin-40 (Cyp40) subgroup of cyclophilins. When 
this project was started, Cyp40 proteins had been reported from human 
(Kieffer et al., 1993), bovine (Kieffer et al., 1992), S.poinbe (Weisman et al., 
1996) and S.cerevisiae (Duina et al., 1996) sources. There is evidence to suggest 
that Cyp40 diverged from other classes of cyclophilins very early in evolution 
and was highly conserved thereafter (Yokoi et al., 1996). This may imply a 
significant biological function. Cyp40 proteins are characterised by an N-
terminal Cyp18 domain followed by an hydrophilic C-terminal domain 
containing tetratrico peptide repeat units (TPRs) (Goebi et al., 1991) and a 
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putative calmodulin binding domain (Lebeau et al., 1992). The C-terminal 
domain shows significant homology with an internal sequence of FKBP59. 
Other characteristics of the Cyp40 proteins not found in Cyp18-type 
cyclophilins, are a conserved Trp-to-His substitution in the CsA binding 
domain (Liu et al., 1991) and the presence of a short amino acid insert into the 
Cyp18 consensus sequence which forms a loop that protrudes from the 
globular N-terminal domain. These characteristics are also shared with 
another, less well defined, group of large cyclophilins showing homology to 
the cyclophilin from natural killer cells (Anderson et al., 1993). 
The conserved Trp-to-His substitution affects both CsA binding and PPIase 
activity, though the biological significance of this is unclear. Site-directed 
mutagenesis of human Cyp40 that replaced the conserved residue Hisl4l 
with Trp led to a 20-fold increase in CsA sensitivity and 9 times greater PPIase 
activity (Hoffmann et al., 1995). An E.coli periplasmic cyclophilin that is 
relatively insensitive to CsA contains Phe at this specific site. Substitution of 
the Phe with Trp increases sensitivity to CsA. A reciprocal experiment 
whereby the conserved Trp of human CyPA was substituted with Phe 
resulted in a 75-fold decrease in CsA sensitivity (Liu et al., 1991). 
The significance of the putative calmodulin binding domain at the extreme 
C-terminus of Cyp40 proteins is not known. There is evidence that 
mammalian Cyp40, expressed as a GST-fusion protein in E .coli, binds to 
calmodulin in vitro (Ratajczak et al., 1995). 
The TPR is a 34 amino acid degenerate repeated motif, frequently found in 
tandem arrays, that is widespread in evolution (Goebl et al., 1991). TPR 
proteins have been discovered in such diverse organisms as bacteria and 
humans, and in a variety of subcellular locations including the cytoplasm, 
nucleus and mitochondria (Lamb et al., 1995). There are 8 residues, within the 
34 amino acids that define the motif, that are conserved in terms of size, 
hydrophobicity and spacing (Hirano et al., 1990; Sikorski et al., 1990). TPRs 
have a high probability of forming amphipathic helices that are presumed to 
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be involved in helix-helix packing by a 'knob and hole' mechanism (Goebl et 
al., 1991). TPRs have been identified in several cell division cycle gene 
products (Hirano et al., 1988; Hirano et al., 1990; Sikorski et al., 1990) and 
proteins involved in regulating RNA synthesis (Rhee et al., 1989), mediation 
of the heat shock response (Nicolet et al., 1989), protein transport (Hase et al., 
1983) and neurogenesis (Boguski et al., 1990). TPRs are generally thought to 
mediate both TPR-TPR and TPR-non-TPR protein-protein interactions. 
Two Cyp40 like cyclophilins, Cpr6 and Cpr7, have been identified in the 
budding yeast S.cerevisiae (Duina et al., 1996) through their interaction with 
Rpd3. Rpd3 is a global transcriptional regulator required for the full activation 
and repression of numerous S.cerevisiae genes (Vidal et al., 1991). Both Cpr6 
and Cpr7 display the structural characteristics of Cyp40-like cyclophilins. Cpr6 
(reported as Cyp40 in (Warth et al., 1997)) is more closely related to the 
known members of the Cyp40 family than Cpr7, e.g. 47% identical to human 
Cyp40 compared with 35% for Cpr7. As with Wis2, Cpr6 was found to be 
heat inducible showing a 4-fold increase over wild-type levels with 
recognisable HREs in the promoter region. 
Neither CPR6 nor CPR7 is essential, but cpr7A strains display a slow growth 
phenotype (Duina et al., 1996). The doubling time for wild-type cells under 
the experimental conditions was 1.5h, which increased to 2.6h for the cpr7A 
strain. This was the first demonstration of a member of the cyclophilin family 
being required for normal cell growth. A cpr6Acpr7A strain is viable, 
indicating that these two proteins do not act redundantly to control an 
essential function. 
The mammalian Cyp40 proteins are associated with the inactive non-DNA-
binding form of oestrogen, progesterone and glucocorticoid receptors 
[(Ratajczak et al., 1993), (Milad et al., 1995),(Owens-Grillo et al., 1995) 
respectively]. These steroid receptors have different cellular localisations, but 
all can be recovered from cytosolic fractions in the same receptor 
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heterocomplexes which have been shown to exist in intact cells (Rexin et al., 
1992). This complex consists of the receptor bound to a dimer of Hsp90 plus 
p60, p48, hsp70, p23 and an immunophilin (Owens-Grillo et al., 1996). Both 
hsp70 and p23 are required for the assembly of the receptor-hsp90 complex 
(Johnson et al., 1994). The identity of the immunophilin component is 
FKBP52, FKBP54 or Cyp40, all of which contain a TPR domain. 
It has been proposed that receptors shuttle through the cytoplasm in the 
heterocomplex form, with Hsp90 and the immunophilin acting as a protein 
transport unit (Kang et al., 1994). The assembly and disassembly of the 
steroid receptor-Hsp90 complex occurs constantly (Smith, 1993) and it is 
possible that this dynamic cycling is necessary for receptor movement. 
There is direct evidence that human and S.cerevisiae Cyp40s bind to Hsp90 
in vitro (Hoffmann et al., 1995; Duina et al., 1996). The Hsp90 binding domain 
of Cyp40 is the C-terminal TPR-containing region (Ratajczak et al., 1996; 
Yokoi et al., 1996). Evidence suggests that the TPR domain is not sufficient for 
stable binding and that the flanking acidic and basic residues clustered N- and 
C-terminally, respectively, to the TPR domain are also required. 
Corresponding regions exist in FKBP52 and FKBP54, and in in vitro assays 
FKBP52 competes with Cyp40 for Hsp90 binding (Ratajczak et al., 1996). 
Other proteins which compete with the immunophilins for Hsp90 binding are 
p60, p50 (Cdc37) and Mas70p. Most contain TPR units, the number of which 
appears to determine the affinity of binding to Hsp90 (Owens-Grillo et al., 
1996). Hsp90 itself does not contain TPRs and is therefore proposed to have a 





Hsp90 is one of the most abundant cytosolic proteins in eukaryotes, it 
makes up -1% of soluble protein under non-stressed conditions (Welch et al., 
1982). In response to stress, expression of Hsp90 increases up to ten-fold in 
both prokaryotes and eukaryotes. Hsp90 appeared to be a dedicated 
chaperone for only a few proteins, such as steroid hormone receptors and cell 
cycle kinases. A number of observations, including high ratio of Hsp90 to 
client protein and high expression levels in response to stress, indicate that 
cytosolic Hsp90 may contribute to protein homeostasis under physiological 
and stress conditions (Jakob et al., 1995; Freeman et al., 1996). 
Native Hsp90 exists as an elongated dimer with the association sites in the 
extreme C-terminus of the protein (Palmer et al., 1995). Electron microscopy 
and antibody binding studies suggest that the C-terminal parts of the protein 
meet in the middle while the N-terminal domains point in opposite directions 
(Maruya et al., 1999). Different shapes have been detected, indicating that the 
dimer is a flexible structure; heat shock temperatures seem to trigger a 
specific structural transformation in Hsp90 that brings the N-terminal 
domains into close proximity (Maruya et al., 1999). 
Dissection of Hsp90 into N- and C-terminal domains has allowed more 
detailed analysis of the chaperone activity and ATP dependence in vitro. 
Hsp90 displays weak ATP binding which is blocked by the drug 
geldanamycin (GA) (Prodromou et al., 1997; Scheibel et al., 1997). It was 
shown that both domains of Hsp90 could suppress aggregation of non-native 
proteins, strongly suggesting the presence of two apparently independent 
chaperone sites in the full length protein (Scheibel et al., 1998).The sites differ 
in substrate specificity and nucleotide dependence. The N-terminal site 
interacts with unfolded proteins and peptides in an ATP and GA sensitive 
way; the binding of ATP lowers substrate affinity but ADP binding does not 
affect substrate binding. In contrast, the C-terminal domain is an ATP 
independent general chaperone. 
1.6.ii Steroid hormone receptor complexes. 
The best studied in vivo substrates of Hsp90 are steroid hormone receptors 
(SHRs) (Pratt, 1997). These are different from most other receptor proteins in 
that they are soluble intracellular proteins that shuttle between the cytosol 
and the nucleus and are not membrane bound. Hsp90 binds to SHRs only in 
the absence of steroid hormones; the addition of hormones causes 
dissociation of the Hsp90-SHR complex and dimerisation of the receptors that 
allows them to bind to specific DNA sequences and regulate transcription 
(Louvion et al., 1996). Genetic experiments in a heterologous S.cerevisiae 
system have demonstrated that Hsp90 function is required to maintain 
receptors in an inactive but activatable state in the absence of hormone ((Xu 
et al., 1993; Bohen et al., 1994)). As mentioned in section 1.4.iv, the mature 
Hsp90-SHR complex also contains, amongst other components, p23 and an 
immunophilin (Cyp40, FKBP51 or FKBP52). 
1.6.iii Kinases as Hsp90 substrates. 
Other in vivo substrates of Hsp90 include a number of kinases. The first of 
these was viral pp60.rc  kinase (v-SRC) which interacts with Hsp90 when in a 
soluble form but not in its final active membrane bound form (Xu et al., 1993). 
This resembles the situation with SHRs where Hsp90 is associated with an 
inactive form of the receptor before the final activation step of ligand binding 
has taken place (or membrane binding in the case of v-SRC) (Brugge, 1986). 
In the same way that Hsp90-SHR complexes contain co-chaperone proteins 
there is a kinase specific co-chaperone, p50/Cdc37 (Stepanova et al., 1996). 
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Cdc37 exhibits chaperone properties in vitro and can rescue a kinase 
maturation defect caused by lack of Hsp90 in vivo (Kimura et al., 1997). 
The gene encoding the S.pombe Hsp90 homologue is swol and is apparently 
unique. Swol is essential for viability at all temperatures. There is evidence 
that formation of active Weel tyrosine kinase requires interaction with Swol 
demonstrating a role for Hsp90 in cell cycle control (Aligue et al., 1994) and 
(Munoz et al., 1999) suggests that there is a direct interaction between Hsp90 
and Cdc2. The S.pombe homologue of the Hsp90 kinase specific co-chaperone 
Cdc37has recently been cloned in this laboratory and found to be an essential 
gene (Paul Westwood, personal communication). 
1.7 S.pombe cyclophilins 
At the time of writing, nine S.pombe genes encoding cyclophilins (2 
characterised and 7 putative ORFs) have been identified through a 
combination of experiments and the S.pombe genome sequencing project. 
Four of these cyclophilins are of the Cyp18 type consisting solely of a 
cyclophilin domain (PP1 /Cypl, and those encoded by SPBC16H5.05C, 
SPBP8137.25 and SPAC57A10.03); two have N-terminal extensions in addition 
to the cyclophilin domain (encoded by SPCC553.04 and SPAC21E11.05C0); 
and the remaining three have C-terminal extensions (Wis2, and those 
encoded by SPBC16H5.05C and SPBC17G9.05). Wis2 is the only S.pombe 
Cyp40 type cyclophilin so far identified. A schematic diagram of the S.pombe 
cyclophilins is shown in Figure 1.4. 
Screens to identify cyclophilin homologues in other organisms have found 
multiple proteins showing similar structural diversity outwith the cyclophilin 
domain, for example in S.cerevisiae (Dolinski et al., 1997) and C.elegans (Page 
et al., 1996). With the exception of the examples described in section 1.5.ii, little 
is known about the physiological function of cyclophilins. 
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Figure 1.4. Schematic diagram of cyclophilins. 
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Chapter 2. wis2 overexpression in S.pombe strains 
carrying cdc2ts  mutant alleles. 
2.1 Introduction. 
wis2 was identified as a multicopy suppressor of the conditional lethal cell 
cycle defect of a cdc25-22 weel-50 winl-1 triple mutant strain. The effect of 
wis2 overexpression was to relieve the cell cycle block induced in the triple 
mutant background at 35°C on minimal medium, and the deletion of wis2 in 
this background did not alter the phenotype (Weisman et al., 1996). 
Subsequent work in this laboratory, with the aim of identifying the 
mechanism of action of Wis2, examined the effect of deletion and 
overexpression of wis2 in wild-type and several cell cycle mutant 
backgrounds (Weisman et al., 1996). A strain carrying only a wis2 deletion 
allele (wis2A) was indistinguishable from a wild-type strain under a variety of 
growth conditions. The wis2A strain was crossed with strains carrying the 
following mutations to make double mutants: win 1-1, cdc25-22, cdc2-33, wislz% 
and cdc13-117. No defects associated with loss of wis2 were observed in these 
genetic backgrounds. 
The effect of overexpressing wis2 from the strong nmtl promoter was also 
investigated in the genetic backgrounds listed above. No phenotypic effect of 
overexpressing wis2 was noted in a wild-type strain or any of the single cell-
cycle mutants at their restrictive or permissive temperatures. However, more 
detailed work by R.Bayne (personal communication) found that 
overexpression of wis2 in a cdc2-33 background lowered the restrictive 
temperature from 35°C to 33°C. This result showed a genetic interaction of 
wis2 with the major mitotic regulator, cdc2, and was therefore an obvious 
candidate for further investigation. It was decided to test the effect of 
overexpressing wis2 in a number of strains carrying different cdc2 mutant 
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alleles. This would address the question of whether the deleterious effect of 
wis2 overexpression is a specific interaction with the cdc2-33 mutant allele, or 
a general effect on cdc2" lethal strains. 
2.2 Overexpression of wis2 in cdc2 mutant strains 
Strains carrying the cdc2-33 allele are temperature sensitive for cell cycle 
progression, with cells arresting in Gi or G2 when shifted to the restrictive 
temperature of 35°C. Work by R. Bayne found that overexpression of Wis2 in 
this background lowers the restrictive temperature to 33°C. A number of 
other temperature-sensitive loss of function cdc2 mutations have been 
isolated and characterised ((Carr et al., 1989), (MacNeill et al., 1991)) . It was 
decided to investigate the effect of overexpressing wis2 in several of these 
strains. 
2.2.i Strains 
The cdc2 mutant alleles tested were cdc2-M26 (ED836), cdc2-130 (ED837), 
cdc2-18 (ED838), cdc2-17 (ED840), cdc2-45 (ED841) and cdc2-33 (ED881). The 
position and nature of the mutations within the Cdc2 protein are indicated in 
Figure 2.1. These strains grow essentially normally at 28°C but display a 
lethal cell cycle arrest phenotype at 35°C. 
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Figure 2.1. Positions of mutations in temperature sensitive 
Cdc2 mutant proteins. 
M26 33 130 45 17 
ATP-binding site (residues 10-33) 
Central catalytic core region (residues 120-200) 
Allele Position Mutation Strain 
(amino acid) 
cdc2-M26 137 Pro-Ser ED836 
cdc2-33 177 Ala-Thr ED881 
cdc2-130 183 Gly-Glu ED837 
cdc2-45 210 Pro-Ser ED841 
cdc2-17 212 Gly-Ser ED840 
cdc2-18 269 Leu-Ser ED838 
C 
in 
2.2.ii Wis2 overexpression. 
In each case wis2 was expressed from the strong nmtTl promoter, either 
from pREPlwis2(leu) or pREP2wis2(ura) depending on the marker required. 
Figure 2.2 shows the effect of overexpressing wis2 in strains ED836 and 
ED881. At the permissive temperature, 28°C, these strains grow well and 
display normal cell morphology. The overexpression of wis2 at 28°C causes a 
large proportion of the cells to display an elongated phenotype typical of cell 
cycle delay. At the semi-permissive temperature of 33°C, the control cells, 
carrying vector alone, are elongated but still viable and able to form colonies. 
These cells will arrest if the temperature is further increased to 35°C. 
Overexpression of wis2 enhances the cell cycle arrest of these strains so that 
they are no longer viable and are unable to form colonies at 33°C. 
Figures 2.3 shows the effect of overexpressing wis2 in other cdc2 mutant 
backgrounds. In strains ED837, ED838, ED840 and ED841 no effect of wis2 
overexpression is observed at the permissive temperature of 28°C, with all 
cells displaying wild-type morphology (data not shown). However, a clear 
effect of overexpression of wis2 in these strains can be seen at the 
semipermissive temperature of 33°C. The ED837, ED838 and ED840 control 
cells still grow normally at this temperature whereas those expressing wis2 
display an elongated phenotype. The ED841 control cells already display a cell 
cycle delay phenotype at the semi-permissive temperature but this is 
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Figure 2.2. Overexpression of wis2 from the nmtl promoter has a deleterious affect on ED836 and ED881 at the permissive 
temperature and lowers the restrictive temperature. pREP1 or pRwis2 was transformed into ED836 and ED881, the 
transformants were streaked to single colonies in the presence (+T; promoter off) or absence (-T; promoter on) of thiamine 







Figure 2.3. Effect of wis2 overexpression in ED837, ED838, ED840 and 
ED841 at 33°C. 
pREP1 -T 	pRwis2 -T 
	pRwis2 +T 
33°C 33°C 33°C 
pREP1 or pRwis2 plasmid was transformed into ED837, 
ED838, ED840 and ED841 strains. The transformants were 
streaked to single colonies in the presence (+T; promoter off) or 
absence (-T;promoter on) of thiamine and grown at 33°C. 
(200x magnification) 
2.3 Conclusions 
The results of overexpressing wis2 in the cdc2 mutant strains showed that an 
excess of Wis2 is capable of inducing a cell cycle delay when Cdc2 function is 
compromised. This is in contrast to the situation in the cdc25-22 weel-50 
win 1-TI triple mutant strain where the effect of Wis2 is to overcome a G2-M 
transition block. 
The effect of overexpressing wis2, that is, to enhance cell cycle arrest, was 
observed in all of the cdc2 mutants tested. However, the severity of the 
deleterious effect differed in the different mutants. In this way the effect of 
Wis2 overexpression displays some extent of allele specificity, but the reason 
for this is unclear. 
wis2 overexpression has no effect on wild-type S.pombe but clearly 
enhances the cell cycle arrest seen in strains carrying cdc2ts lethal alleles. A 
possible explanation could be that Wis2 acts as a chaperone for mutant Cdc2 
proteins and not wild-type Cdc2 protein and that when Wis2 is present in 
excess it does not release the Cdc2 proteins and therefore prevents the 
interactions with partner proteins and substrates required for the onset of 
mitosis. However, if this was the case, and mutant Cdc2 proteins required the 
chaperone activity of Wis2, one would expect the deletion of wis2 to have the 
same deleterious effect on cell cycle progression. This was not observed when 
the wis2Acdc2ts  double mutant strains were made and tested, as the deletion of 
wis2 had no effect on the cdc2" phenotype (R. Bayne, personal 
communication). 
No evidence of a direct interaction between Wis2 and Cdc2 proteins has 
been found from either a 2-hybrid screen as carried out by R. Bayne (personal 
communication) or an in vitro system used to investigate protein-protein 
interactions with Wis2 which is described in Chapter 3. This suggests that the 
effect of Wis2 overexpression on Cdc2 mutant proteins is likely to be by an 
indirect method. 
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Chapter 3. Proteins that interact with Wis2. 
3.1 Introduction. 
Chapters 2 and 6 describe genetic approaches taken to try to establish the 
conditions where manipulating the level of wis2 expression has a phenotypic 
effect. In this way it was hoped to gain some insight into the function of Wis2 
and the mechanism by which it suppresses the cell cycle defect of the cdc25-22 
weel-50 win 1-1 triple mutant strain. Whilst providing important information 
about genetic interactions with Wis2, these genetic approaches do not 
necessarily identify proteins that interact with Wis2 directly. 
It was therefore decided to use an in vitro system to identify and investigate 
the proteins that interact directly with Wis2. A bacterially expressed GST-Wis2 
fusion protein was immobilised on glutathione sepharose beads and then 
incubated with total S.pombe protein extract. Proteins binding to GST-Wis2 
from the total S.pombe extract were then analysed by SDS-PAGE and 
identified by peptide sequencing. A GST-Wis2 construct was overexpressed in - 
the cdc25-22 weel-50 win 1-1 triple mutant S.pombe strain and was found to 
suppress the conditional lethal phenotype in the same way as wild-type Wis2. 
3.2 In vitro system to investigate proteins that interact with 
Wis2. 
3.2.i pGEX-2TWis2 construct and expression of the GSTWis2 fusion protein. 
In order to produce a GST-Wis2 fusion protein in bacteria, the wis2 open 
reading frame was cloned in frame into the pGEX-2T vector from Pharmacia 
Biotech. The construction of this plasmid is outlined in figure 3.1. The full 
length wis2 open reading frame (ORF) was excised from pUC18wis2; the 
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identified by peptide sequencing. 
3.2 In vitro system to investigate proteins that interact with 
Wis2. 
3.2.i pGEX-2TWis2 construct and expression of the GSTWis2 fusion protein. 
In order to produce a GST-Wis2 fusion protein in bacteria, the wis2 open 
reading frame was cloned in frame into the pGEX-2T vector from Pharmacia 
Biotech. The construction of this plasmid is outlined in figure 3.1. The full 
length wis2 open reading frame (ORF) was excised from pUC18wis2; the 
5'end was cut with NdeI (site created by R. Weisman incorporating Wis2 
initiating ATG) then treated with T4 polymerase to create a blunt end before 
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Figure 3.1. Construction of pGEX-2TWis2 expression plasmid. 
pUCl8wis2 
wis2ORF 
NdeI 	 EcoRl 
Cut 5' end with NdeI then 
treat with T4 polymerase 
zvis2ORF 	 pUC18 
Cut 3' end with EcoRI 
MMMMMMMMMMMM 
Ligate into pGEX-2T cut with 
IF 	SinaI and EcoRI 
GST 	 (T 	1-PT 
3.2.ii In vitro binding protocol 
The detailed protocol listing buffer composition and volumes can be found 
in section 8.12. The diagram in figure 3.2 outlines the main steps of the 
experiment. The induced bacteria expressing GST-Wis2 were sonicated in 
buffer then the resulting lysate was cleared of cell debris by centrifugation. 
The cleared bacterial lysate was then incubated with glutathione sepharose to 
allow binding of the GST-Wis2 fusion protein to the resin. After incubation 
the resin was washed in buffer to remove unbound bacterial proteins. The 
resin bound GST-Wis2 was then incubated with S.pombe total protein extract 
for 1 hour at room temperature, after which the resin was washed to remove 
unbound S.pombe proteins. The remaining proteins bound to the glutathione 
resin were eluted by boiling in lx SDS loading buffer before being resolved 
by SDS PAGE (poly Acrylamide gelelectrophoresis). 
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Figure 3.2. Flow diagram showing the steps in in vitro protein binding 
experiments. 
Induced BL21 cells thawed on ice then sonicated in buffer 
Bacterial lysate cleared by centrifugation 
Bacterial lysate added to prewashed glutathione sepharose and incubated for 
1 hour at room temperature 
I 
Resin washed 5 times in buffer 
Jr 
Buffer! S.pombe extract/other components added to aliquots of GST-Wis2 
resin and incubated for 1 hour at room temperature 
Resin washed times in buffer 
I 
Resin boiled in lx SDS loading buffer 
Proteins resolved by SDS-PAGE 
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3.3 Results 
3.31 S.pombe proteins that interact with GST-Wis2 
Wild-type cells (ED812) were grown overnight in 200m1 of YE liquid medium; 
cells were harvested by centrifugation at an approximate density of 0.5 x 
107cells/ml. Native total protein extracts were produced according to the 
protocol in section 8.11 ("normal extract"). The in vitro binding experiment 
was performed as described in section 8.12, and outlined in figure 3.2. 
Figure 3.3 shows the results of an experiment to investigate the proteins 
that interact with GST-Wis2 from "normal" S.pombe total protein extract (as 
defined above). Lanes 1, 2 and 5 are controls designed to show any E.coli 
proteins that interact with the glutathione-sepharose or S.pombe extract and 
any interaction of S.pombe proteins with GST. Lanes 1 and 2 clearly show that 
nothing from the E.coli extract binds to the resin and that 
no proteins from the S.pombe extract bind to the resin alone. Lane 5 shows 
that GST alone binds to the glutathione-sepharose, as would be expected, but 
no S.pombe proteins bind to GST. 
From lane 3 it can be seen that bacterially expressed GST-Wis2 is not 
completely stable, as degradation products can be seen although these are 
only a small percentage of the total amount of GST-Wis2 present. 
Comparison of lanes 3 and 4 allows those bands which correspond to 
proteins that interact with GST-Wis2 in this system to be distinguished. The 
bands indicated by lines in lane 4 are were identified by mass spectrometric 
analysis. 
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Figure 3.3. S.pombe proteins that interact with GST-Wis2 
in vitro. 
Ml 2 3 4 
Coomassie stained gel showing the proteins eluted by boiling from 
glutathione resin after incubation with - Lane 1, cleared lysate from 
uninduced BL21 cells; lane 2, cleared lysate from uninduced BL21 cells 
+ 50.igS.ponibe total protein extract; lane 3, cleared lysate from 
induced BL21 cells; lane 4, cleared lysate from induced BL21 cells + 
50pg S.pombe total protein extract; lane 5, 10 pg GST + 50pg S.pombe 
total protein extract. The proteins found to interact with GST-Wis2 
from the S.pombe total extract are indicated by lines. 
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Table 3.1. Identity of proteins that interact with GST-Wis2. 
Band number 	 Size (kD) 	 Identity 
1 	 45 	 60S ribosomal protein L3 
2 	 43 	 60S ribosomal protein L4 
3 	 32 	 60S ribosomal protein L13 
4 	 27 	 60S ribosomal protein L17 
5 	 25 	 60S ribosomal protein L8 
6 	 21 	 ? 
The band numbers correlate with the bands indicated on the protein gel in 
Figure 3.3. 
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In order for proteins within bands to be analysed, the gel was stained with 
Gelcode Bluestain from Pierce as it does not interfere with subsequent 
reactions. The bands of interest were excised from the gel, subjected to tryptic 
digestion and then analysed by mass spectrometry. The digestion, mass 
spectrometric analysis and identification of the proteins were performed by 
Dr A Cronshaw at the Welmet facility and Dr A Gouldsworthy at the 
Edinburgh Centre for Protein Technology (ECPT). 
Of the bands indicated in lane 4 of Figure 3.2, 5 were identified as ribosomal 
proteins from the large 60S subunit, Table 3.1. The other band did not yield 
sufficient data for identification. 
3.3.11 Effect of heat shocking S.pombe cells on pattern of proteins binding to 
G ST-Wis2 
wis2 mENA and Wis2 protein levels are elevated in response to heat shock 
((Weisman et al., 1996) and Figure 3.4). Although Wis2 has been shown not to 
be required for viability following heat shock, it is possible that this increase 
in expression indicates a role for Wis2 in the heat shock response (described in 
section 1.61.). It was decided to investigate this possibility by investigating the 
effect of heat shock on the pattern of S.pombe proteins binding to GST-Wis2. 
riE:1 
Figure 3.4. Increase in in vivo Wis2 protein level 
after heat shock. 
Protein extracts were prepared from wild-type and wis2A cells 
were grown under normal conditions and from wild-type cells 
that were grown under normal conditions then subjected to heat 
shock at 42°C for 2 hours. 
Lane 1 - 5.tg wild-type S.pombe extract; 2 - 5ig wis2A S.pombe 
extract; 3 - 5tg wild-type S.pombe extract from cells subjected to 
heat shock. 
Proteins were separated by SDS-PAGE then transferred to 
PVDF membrane. Non-specific binding was blocked with 5%milk 
in PBS-Tween. The blot was then probed with 1:1000 dilution anti-
Wis2 rabbit IgG. Detection was with anti-rabbit IgG HRP 
conjugated second antibody and an Enhanced 
ChemiLuminescence protocol. 
Wild-type cells were grown overnight in 200m1 of YE liquid at 28°C and 
then transferred to a water bath at 42°C for 2 hours before harvesting the 
cells and making the protein extract ("heat shock extract"). 
Figure 3.5, shows the results of the in vitro binding experiment using the 
heat shock extract. A comparison of lanes 2 and 3 shows that all the bands 
that were seen to interact from normal extract in the previous experiment are 
still present, but an additional band of -85kD is also visible in lane 3. 
The 85kD band was identified by peptide sequencing and found to be the 
S.pombe homologue of Hsp90, Swol. An interaction between Hsp90 and 
Cyp40 has already been established in higher eukaryotes in inactive steroid 
receptor complexes. 
Hsp90 has an ATPase domain, and it has been found that ATP is required 
for the assembly and stability of the inactive steroid receptor complex 
(Kosano et al., 1998). In order to investigate the effect of the ATP/ADP state 
of Hsp90 on protein interactions in S.pombe, compounds were used that affect 
the ATP/ADP state of Hsp90. Geldanamycin is an ansamycin antibiotic 
known to bind to the ATP binding site of Hsp90 and has been shown to affect 
its protein-protein interactions (Czar et al., 1997). The other compound used 
was the non-hydrolysable ATP analogue ATPyS which effectively locks 
proteins with ATPase domains into an ATP bound state (Habraken et al., 
1998). The total S.pombe protein extracts were pre-incubated with either of 
these compounds before being incubated with GST-Wis2. 
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Figure 3.5. Effect of geldanamycin and ATPS on GSTWis2 
in vitro protein interactions. 
kDa M 	1 2 3 4 5 
97.4 Swol 




Coomassie stained SIDS PAGE gel showing the proteins eluted 
by boiling from glutathione resin after incubation with -lane 1 - 
cleared lysate from induced BL21 (pGEX2Twis2); lane 2- cleared 
lysate from induced BL21 (pGEX2Twis2) + 50tg S.pombe extract; 
lane 3- cleared lysate from induced BL21 (pGEX2Twis2) + 50.tg 
heat shockedS.pombe extract; lane 4 - cleared lysate from induced 
BL21 (pGEX2Twis2) + 50jig heat shocked S.pombe extract pre-
incubated with geldanamycin; lane 5 - cleared lysate from 
induced BL21 (pGEX2Twis2) + 50tg heat shocked S.pombe extract 
pre-incubated with ATPyS. 
Arrow indicates Swol. 
The results of the Geldanamycin/ATPyS experiments are also shown in 
figure 3.5. A small amount of Hsp90 can be seen interacting from the "normal 
extract" (lane 2). The amount of Hsp90 bound to GST-Wis2 increases when 
heat-shocked extract is used (lane 3). Lane 4 shows that the Hsp90-GST-Wis2 
interaction does not appear to be affected by pre-incubation of the extract 
with geldanamycin. However, in lane 5 a significant increase in the amount of 
Hsp90 bound to GST-Wis2 is seen due to the pre-incubation with ATP. 
3.3.iii Presence of p23fWos2 in Hsp90/Swol complex 
Another component of the Hsp90-Cyp4O containing inactive steroid 
receptor complex in higher eukaryotes is p23, which is also conserved in 
S.pombe as Wos2 (Munoz et al., 1999). p23  association is reported to be the last 
step in the dynamic assembly process and helps to stabilise the unliganded 
steroid receptor complex. 
In Hsp90-dependent mammalian steroid aporeceptor complexes, p23 binds 
directly to Hsp90 and is thought to stabilise the complex in a ligand 
recognising form (Dittmar et al., 1997). The interaction of p23 with Hsp90 is 
reported to be disrupted by the addition of the ansamycin antibiotic 
geldanamycin and it requires Hsp90 to be in the ATP bound state (Bohen, 
1998). 
Using anti-Wos2 polyclonal antibody, kindly provided by J. Jimenez, the 
formation of a similar complex in S.pombe was investigated. Even though 
S.pombe does not contain homologues of the steroid hormone receptors the 
chaperone complex may still be conserved and perform another function. In 
order to investigate this, the samples shown in Figure 3.5 were blotted onto 
nitro-cellulose and probed with anti-Wos2 polyclonal antibody. The result is 
shown in Figure 3.6. 
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As can be seen from Figure 3.6 a small amount of Wos2 interacts with GST-
Wis2 from normal S.pombe extract (lane 2), but the amount increases when 
heat shocked extract is used (lane 3). The amount of Wos2 interacting with 
GST-Wis2 from the heat shocked extract is not significantly affected by pre-
incubation of the extract with Geldanamycin (lane 4). However pre-
incubation with ATP does lead to a significant increase in the amount of 
Wos2 interacting with GST-Wis2 (lane 5). Comparing with Figure 3.5 it can be 
seen that these data correlate well with the observed changes in the amount 
of Swol that interacts with GST-Wis2 in response to the various treatments. 
As the amount of GST-Wis2 is constant throughout and Wos2 is known to 
interact with Hsp90 this suggests that a complex can be formed, at least in 
vitro, by the S.pombe homologues of some of the mammalian components of 
the inactive steroid receptor complex. 
Figure 3.6. The presence of Wos2 in GST-Wis2 complexes. 
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Samples from in vitro binding experiments were separated by 
SDS PAGE: lane 1 - GSTWis2 lysate; lane 2 - GSTWis2 lysate + 
50jig S.pombe extract; lane 3 - GSTWis2 lysate + 50jig S.pombe 
heat-shock extract; lane 4 - GSTWis2 lysate + 50j.ig S.pombe heat-
shock extract pre-incubated with geldanamycin; lane 5-
GSTWis2 lysate + 50 jig S.pombe heat-shock extract pre-incubated 
with ATP; lane 6 - 5jig total protein extract from wos2A nmtwos2 
strain grown in the presence of thiamine; lane 7- total protein 
extract from wos2A nmtwos2 strain grown in the absence of 
thiamine. 
The separated proteins were transferred onto PVDF membrane 
which was then blocked and probed with rabbit polyclonal anti-
Wos2 antibody. The anti-Wos2 signal was detected with an HRP 
conjugated anti rabbit secondary antibody and an Enhanced 
ChemiLuminescence protocol. 
3.4 Conclusions. 
A number of S.pombe proteins interacted with GST-Wis2 in the in vitro 
system described. Six of these were identified by peptide sequencing, while 
others were not suitable for this method of identification either because there 
was not enough material present or because the band could not be cleanly 
excised without cross-contamination with other bands. Of the 6 proteins that 
were identified, 5 were found to be ribosomal proteins from the 60S subunit. 
These are very abundant, highly charged proteins, therefore it is possible that 
the association with GST-Wis2 is due to charge- charge interactions with the 
C-terminal domain which contains regions of both positive (Lys and Arg rich) 
and negative (Asp and Glu rich) charge. Alternatively, it has been suggested 
that chaperone proteins may bind to unassembled ribosomal proteins in vivo 
to prevent aggregation, which means that the interaction could be due to the 
chaperone N-terminal domain of Wis2. This question is addressed in Chapter 
4. 
Consistent with data from higher eukaryotic systems, the S.pombe Hsp90 
homologue was found to interact with Wis2. Although the interaction could 
be detected with the extract from cells grown under normal conditions, it is 
much more obvious and consistent when extract from heat-shocked cells is 
used. This could be due to post-translational modifications of Hsp90 in 
response to heat-shock or simply due to an increase in the cellular abundance 
of Hsp90. Unfortunately the increase in cellular Hsp90 level after heat-shock 
relative to the apparent increase in binding to Wis2 could not be determined 
as neither an integrated tagged Swol strain nor an antibody that recognised 
S.pombe Hsp90 was available. 
The effects of Geldanamycin and ATPyS on the Wis2-Swol interaction were 
also investigated. Pre-incubation of extract from heat shocked cells with 
geldanamycin did not have a significant affect on the Wis2-Swol interaction 
which suggests that this interaction requires neither ATP binding or 
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hydrolysis by Swol. In contrast, pre-incubation of extract with the non-
hydrolysable ATP analogue ATP significantly increased the amount of 
Swol associated with Wis2. This suggests that ATP binding can enhance or 
stabilise the interaction. 
One of the other components in Hsp90/Cyp4O containing complexes in 
higher eukaryotes is p23 which binds directly to Hsp90. The S.pombe p23 
homologue is Wos2 and a polyclonal antibody raised against Wos2 was used 
to determine whether or not it was present in the proteins associated with 
GST-Wis2. Wos2 was detected in the proteins associated with GST-Wis2 in 
amounts that correlated directly with Swol association with GST-Wis2. The 
amount of Wos2 detected was higher from the extract from heat shocked 
cells and was also increased by pre-incubation of the extract with ATP'yS. Pre-
incubation with Geldanamycin did not have a significant effect on the amount 
of Wos2 detected as may have been expected from reading the literature (for 
example, Owens-Grub, et al. (1996) describes how geldanamycin binds to 
Hsp90 preventing the formation of the p23 Hsp90 FKBP heterocomplex), but 
the reason for this is not clear. However the effect of ATPyS on the amounts 
of Swol and Wos2 associated with GST-Wis2 does correlate with reports of 
the importance of ATP in the formation of analogous complexes in higher 
eukaryotes. Therefore, the data presented here is consistent with the 
suggestion that a Wis2/Swol /Wos2 containing complex can be formed in 
S.pombe. 
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Chapter 4. Structure - function analysis of Wis2. 
4.1 Introduction. 
Sequence analysis of wis2 indicated that the gene product contained two 
distinct regions: an N-terminal cyclophilin domain and a C-terminal domain 
containing tetratricopeptide (TPR) repeats and a putative calmodulin binding 
site (based on sequence similarity). In recent years a subgroup of cyclophilins 
with this conserved structure has emerged, known as the Cyp40 type 
cyclophilins. The crystal structure of bovine Cyp40 has been determined 
(Dornan et al., 1999). The Cyp40s contain two domains linked by a flexible 
hinge region. Wis2 is 44% identical to bovine Cyp40 (Weisman et al., 1996) 
and is predicted to have a similar structure, with an N-terminal cyclophilin 
domain and alpha helical regions (TPRs) in the C-terminus, when analysed 
using the PredictProtein service at: 
http: / /www.embl-heidelberg.de/predictprotein/predictprotein.html.  
It has been shown that the cyclophilin domain of Wis2 can be replaced by 
S.pombe Cypi (an 18kD cyclophilin) to give a hybrid protein that is functional, 
in terms of suppressing the conditional lethal phenotype of the cdc25-22 weel-
50 winl-1 triple mutant strain (Weisman et al., 1996). This indicates that the 
specific Cyp40 modifications present in the cyclophilin domain of Wis2, as 
described in Chapter 1, are not required for Wis2 function in the triple mutant 
background (Weisman et al., 1996). 
To investigate further the role of the two regions of Wis2, it was decided to 
express them separately in S.pombe. The activity of the separate domains was 
assessed in genetic backgrounds where full length Wis2 activity can be 
observed. The consequence of overexpression of full length Wis2 is to 
enhance the cell cycle defect of a cdc2-33 mutant strain (see Chapter 2) and to 
relieve the cell cycle defect of the cdc25-22 weel-50 winl-1 triple mutant strain. 
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Both the N- and C-terminal domains were also expressed in E.coli as GST-
fusion proteins in order to investigate in vitro protein-protein interactions, as 
described for the full length GST-fusion protein in 
Chapter 3. 
4.2 Overexpression of N- and C-terminal Wis2 constructs in 
S.pombe. 
4.2.1 Constructs for overexpression in S.pombe. 
The sequences coding for the N- and C- terminal regions of Wis2 were 
amplified from pUC18wis2 by PCR, using a high-fidelity proof-reading 
polymerase (see Chapter 8). Convenient restriction sites for subsequent 
cloning steps, an initiating ATG sequence at the 5' end of the C-terminal 
coding sequence and an in frame STOP codon at the 3' end of the N-terminal 
coding sequence were included in the appropriate primers at this point (listed 
in Chapter 8). The amplified sequences were sequenced to check for PCR 
errors then cloned into the pREP1 vector, generating pRwis2N (amino acids 
1-165) and pRwis2C (amino acids 166-356), to allow thiamine regulatable 
expression in S.pombe. 
4.2.ii Overexpression of N-terminal construct. 
pRwis2N was transformed into wild-type, cdc25-22 weel-50 winl-1, and 
cdc2-33 strains by electroporation alongside pREP1 and pRwis2 (full-length 
Wis2 expression plasmid) as controls. The transformants were then grown on 
media in the presence (4tM) or absence of thiamine to regulate expression 
from the plasmid. No effects associated with overexpression of the cyclophilin 
region of Wis2 were observed under the conditions where effects of 
overexpression of full length Wis2 are seen. Figure 4.1 shows that a cdc2-33 
strain overexpressing the N-terminus of Wis2 grows as well as that carrying 
vector alone. Figure 4.2 shows that overexpression of Wis2 N-terminus does 
not suppress the lethal cell cycle defect associated with a cdc25-22 weel-50 
win 1-1 triple mutant at 35°C. 
4.2.iii Overexpression of C-terminal construct. 
pRwis2C was transformed into the same strains as the N-terminal construct 
above. Although containing only TPR repeats and a putative calmodulin 
binding site, the C-terminus of Wis2 was found to display the same activities 
as full-length Wis2. 
Figure 4.1 shows that in a cdc2-33 strain overexpression of the C-terminal 
region of Wis2 at 33°C has the same effect as the full length protein in 
enhancing the cell cycle defect of this strain. Figure 4.2 shows that the 
suppression of the conditional lethal phenotype of the cdc25-22 weel-50 wini-
1 triple mutant at 35°C is the same when the C-terminal domain is 
overexpressed as when full lengthWis2 is overexpressed. 
ME 
pRwis2C 	' 




-• - - 
_•• 	 V 	
T' ..-_j 
I'•L 
Figure 4.1. Effect of overexpression of Wis2 constructs in a cdc2-33 
mutant background at 33°C 
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cdc2-33 cells transformed with one of pREP1, pRwis2, pRwis2N or 
pRwis2C were streaked to single colonies in the presence (promoter off) or 
absence (promoter on) of thiamine at 33°C. 
(400x magnification) 
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Figure 4.2. Effect of overexpression of Wis2 constructs in a cdc25-22 
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cdc25-22 weel-50 win 1-1 cells transformed with one of pREPI, pRwis2, 
pRwis2N or pRwis2C were streaked to single colonies on EMM medium 
in the presence (promoter off) or absence (promoter on) of thiamine at 35°C. 
(400x magnification) 
4.3 In vitro protein-protein interactions of the two domains of 
Wis2 
4.3.i Constructs for bacterial expression. 
The amplified sequences encoding the N- and C- terminal domains of Wis2, 
described in section 4.2.i, were ligated into pGEX-2T in frame with the GST 
sequence, to make pGEX-2T2N and pGEX-2T2C respectively. These 
constructs were transformed into BL21 pLysS E.coli strain. Exponentially 
growing cultures were induced with IPTG and expressed GST-2N and GST-2C 
fusion proteins. The in vitro binding experiments were performed as for the 
full length GST-Wis2 fusion protein, described in Chapters 3 and 8. 
4.3.ii Results of in vitro binding experiment 
The Coomassie stained gel in Figure 4.4 shows the results of the in vitro 
binding experiments with the different GST-Wis2 constructs. Comparison of 
lanes 2 and 3 with lanes 8 and 9 suggests that most of the proteins (including 
some of the identified ribosomal proteins and Swol) that associate with full 
length GST-Wis2 also bind to the C-terminal GST fusion protein. As can be 
seen from lanes 4-6, none of the identified GSTWis2 interacting proteins 
appear to interact with the N-terminal construct. The - 40kD band that can 
clearly be seen in lanes 5, 6, 7, 8 and 9, and is part of a smear in lanes 2 and 3, 
was not only observed when GSTWis2 was present and is therefore not a 







Figure 4.3. In vitro protein-protein interactions of full length, N-
terminal and C-terminal domain Wis2 GST fusion proteins. 







Coomassie stained gel showing the proteins eluted by boiling from 
glutathione resin after incubation with - Lane 1, cleared lysate from 
induced BL21(pGEX-2Twis2 cells; lane 2, cleared lysate from induced 
BL21(pGEX-2Twis2) cells + 50tg S.pombe total protein extract; lane 3, 
cleared lysate from induced BL21(pGEX-2Twis2) cells + 50 jig heat 
shocked S.pombe total protein extract; lane 4, cleared lysate from 
induced BL21(pGEX-2T-2N) cells; lane 5, cleared lysate from induced 
BL21(pGEX-2T2N) cells + 50j.ig S.pombe total protein extract; lane 6, 
cleared lysate from BL21 (pGEX-2T2N) cells + 50 jig heat 
shockedS.pombe total protein extract; lane 7, cleared lysate from 
induced BL21(pGEX-2T-2C) cells; lane 8, cleared lysate from induced 
BL21(pGEX-2T2C) cells + 50jig S.pombe total protein extract; lane 9, 
cleared lysate from BL21 (pGEX-2T2C) cells + 50pg heat 
shockedS.pombe total protein extract. 
Arrows indicate the bands that bind to both GST-Wis2 and GST-
Wis2C. 
4.4 Conclusions 
It is clear that the observable activities of overexpressed full length Wis2, in 
the cdc25-22 weel-50 win 1-1 triple mutant and cdc2-33 mutant strains, can be 
assigned to the C-terminal domain of the protein alone. The highly conserved 
N-terminal cyclophilin domain does not appear to be involved in either of 
these interactions. This still leaves the question as to its function, and that of 
full length Wis2, unanswered. 
From the in vitro binding experiment, it can be seen that most of the 
proteins that interact with GST-Wis2 interact with the C-terminus but not the 
N-terminus of Wis2. This confirms that the ribosomal proteins are not 
binding to the chaperone domain of Wis2 and are interacting with the 
charged C-terminal domain. Swol, the S.pombe Hsp90 homologue, is also 
found to interact with the TPR containing C-terminal domain of Wis2. 
Chapter 5. Localisation of Wis2. 
5.1 Introduction. 
The cellular location of a protein is important for it to function properly and 
can give information as to its mechanism of action, for example if the 
localisation changes in response to stress or cell cycle progression. It is 
possible that overexpression of Wis2 causes mislocalisation that could 
partially account for the phenotypic effects observed. The availability of anti-
Wis2 polyclonal antibodies (see section 8.4) made it possible to address this 
question by establishing the cellular localisation of Wis2 by indirect 
immunofluorescence. 
Endogenous Wis2 was localised in wild-type cells grown under normal 
conditions and those that had been shifted to 42°C for 2 hours where Wis2 
expression is increased. The location of Wis2 that had been highly 
overexpressed from the nmt promoter (from pRwis2) was determined in 
wild-type cells, where no effect was observed, and in cdc2-33 and cdc25-22 
weel-50 win 1-1 mutant cells grown under conditions under which an effect of 
Wis2 overexpression is seen. 
5.2 Localisation of Wis2 by indirect immunofluorescence. 
The cells were grown under appropriate conditions (described in sections 
5.2.i-5.2.lii) then fixed with para-formaldehyde/glutaraldehyde as described in 
section 8. The primary antibody used was rabbit polyclonal anti-Wis2 IgG (as 
whole serum) as described in section 5.1, and the secondary antibody was 
anti-rabbit IgG conjugated to FITC (Sigma). After antibody incubations the 
cells were couriterstained with DAPI to visualise the nuclei. 
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5.2.i Wis2 localisation in a wild-type background. 
Figure 5.1, middle panel, shows that in wild-type cells grown at 32°C 
endogenous Wis2 is localised to the cytoplasm with no signal at all from the 
nucleus. Even when highly overexpressed from the nmtl promoter Wis2 
maintains its cytoplasmic localisation, figure 5.1, lower panel. The wis2A strain 
shown in Figure 5.1, upper panel, was included as a negative control. The 
weak background staining may be non-specific background or it could be due 
to cross-reaction with other S.pombe cyclophilins as the antibody was raised 
against whole protein and the Cyclophilin domain is highly conserved. 
However, cross reaction with other S.pombe cyclophilins, of which there are 
now 9 in the database, was not seen when the serum was used to probe 
S.pombe total protein extracts. 
zM 
Figure 5.1. Immunolocalisation of endogenous and 
overexpressed Wis2 in wild-type S.pornbe 








Indirect immunofluorescence was used to establish the cellular 
localisation of Wis2. Cells were grown in suspension before being 
fixed with paraformaldehyde and glutaraldehyde. The fixed cells 
were then permeabilised and stained with anti-Wis2 polyclonal 
antibody then F1TC conjugated secondary antibody. Cells were 
counterstained with DAFT to visualise the nuclei. (1200x 
magnification) 
5.2.ii Localisation in the cdc2-33 mutant. 
cdc2-33 mutant cells were transformed with pRwis2 and pREP1 vector 
alone. The cells were grown overnight at 33°C in the absence of thiamine 
where Wis2 is overexpressed from the pRwis2 plasmid. Figure 5.2, upper 
panel, shows the cytoplasmic staining of endogenous Wis2 in the cells 
carrying pREP1. The lower panel shows that, when overexpressed from the 
nmtl promoter under these conditions, the localisation of Wis2 is still mainly 
cytoplasmic although the cell elongation phenotype associated with Wis2 
overexpression in this mutant background, as described in Chapter 2, is clear. 
The nuclear exclusion of Wis2 in these circumstances is not as clear as in a 
wild-type background but, as for the heat shocked cells, the areas where the 
FITC staining is less intense correspond with the position the DAPI staining 
indicating the nuclei. 
5.2.iii Localisation in the cdc25-22 weel-50 winl-1 triple mutant. 
cdc25-22 weel-50 win 1-1 triple mutant cells were transformed with pRwis2 
and pREP vector alone. The cells were grown overnight at 35°C in minimal 
medium in the absence of thiamine where expression from the plasmid is 
switched on. The upper panel of Figure 5.3 shows the cytoplasmic localisation 
of endogenous Wis2 in this strain. Figure 5.3, lower panel, shows that 
although the effect of Wis2 overexpression on the cell morphology can clearly 
be seen, the localisation of the protein does not alter from its cytoplasmic 
position. 
Figure 5.2. Immunolocalisation of endogenous and overexpressed 
Wis2 in a cdc2-33 mutant strain at 33°C. 
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FITC and DAPI 
pREP1 
pRwis2 
Cells carrying the cdc2-33 mutation were transformed with either 
pREP vector control or with pRwis2. Cultures were grown in the 
absence of thiamine (plasmid promoter switched on) at 33°C as this 
is the temperature at which the overexpression has a detrimental 
effect on cell growth compared to the vector control. 
The cells were harvested and fixed with paraformaldehyde and 
glutaraldehyde then stained for Wis2 with a polyclonal rabbit anti-
Wis2 antibody and a F1TC conjugated anti-rabbit secondary 
antibody. The cells were also counterstained with DAPI to 
visualise the nuclei. (1200x magnification) 
Figure 5.3. Immunolocalisation of endogenous and overexpressed 
Wis2 in the cdc25-22 weerl-50 winl-1 triple mutant strain at 33°C. 
F1TC 
	
FITC and DAPI 
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pRwis2 
cdc25-22 weert-50 win 1-1 triple mutant cells transformed with 
either pREP 1 vector control or pRwis2 were grown overnight in 
minimal medium, in the absence of thiamine (Wis2 expression on) 
at 35°C. At this temperature the lethal cell cycle phenotype of the 
the triple mutant cells is suppressed by overexpression of Wis2 
from pRwis2. 
The cells were harvested and fixed with paraformaldehyde and 
glutaraldehyde then stained for Wis2 with a polyclonal rabbit 
anti-Wis2 antibody and a F1TC conjugated anti-rabbit secondary 
antibody. The cells were also counterstained with DAPI to 
visualise the nuclei. (1200x magnification) 
5.3 Conclusions. 
Wis2 protein occupies a cytoplasmic location within the cell, which is 
maintained when the protein is overexpressed and in strains where a 
phenotypic effect of Wis2 overexpression is observed. This rules out the 
possibility that overexpressing Wis2 causes mislocalisation of the protein 
which could cause it to interfere with processes with which it is not normally 
involved. However, it is not clear whether the cytoplasmic localisation of 
Wis2 is necessary for effects of overexpression that are observed in the triple 
mutant and cdc2-33 mutant strains. It is possible that an excess of Wis2 in the 
cytoplasm causes mislocalisation of other proteins, such as Hsp90, which 
could account for the observed effects of Wis2 overexpression. 
A search of the Wis2 amino acid sequence revealed the presence of a 
putative leucine-rich nuclear export signal in the C-terminal domain. This is 
shown in Figure 5.4 along with nuclear export signals from other proteins. 
Leucirie-rich nuclear export signals are found in a number of proteins of 
diverse function including MDM2, p53, and viral proteins (Gerace, 1995). 
Although the Wis2 sequence does not line up exactly with the other NES 
sequences it is the only region of the protein that contains a number of 
leucine residues in close proximity and resembles a NES, and atypical but 
leucine rich regions have found to be functional NES sequences in other 
systems (Fridell et al., 1993). It is obviously important to establish if this 
sequence is in fact a functional signal sequence and whether it is important to 
Wis2 activity. A potential strategy is described in section 7.6. 
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Figure 5.5. Putative nuclear export signal of Wis2, and NES sequences 
from other proteins. 
Wis2 	257LRYSIYANLALVALKQNKp275  
Typical leucine rich NES sequences: 
p53(human) MFRELNEALELK 
PM 	LALKL-AGLDIN 
HIV rev 	LP-PL-ERLTLD 
MDM2 	-.-LSFDESLALC 
Atypical leucine containing NES sequences: 
FIV 	LAFKKMMTDLEDRFRKLFGSPSKDEYT 
EIAV 	PQGPLESDQWCRVLRQSLPEEKIP 
The putative leucine rich NES of Wis2 is shown at the top of this figure, 
with the targets for SDM in red. Four typical leucine rich NES sequences 
from different proteins are shown with the core tetramer at the C-terminal 
end. Atypical, but functional, leucine containing NES sequences from 2 
viral proteins are also represented. 
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Chapter 6. Attempts to identify functional homologues 
and targets of Wis2. 
6.1 Introduction 
The deletion of wis2 does not have an effect in any genetic background 
tested, including those in which the overexpression of wis2 has a definite 
effect. One possible explanation for this is that a functional homologue of 
Wis2 exists in S.pombe that can compensate when Wis2 is absent. This could be 
in the form of a second Cyp40 type cyclophilin or a structurally different 
protein with the same function. 
Although there are circumstances where a phenotypic effect of wis2 
overexpression can be seen, in the cdc25-22 weeTl-50 win 1-TI triple mutant and 
cdc2ts strains, the physiological targets and function of zvis2 are unknown. 
The in vitro protein interaction experiment was one way of addressing the 
question of Wis2 targets by looking at physical interactions. 
Two other approaches were taken in an attempt to identify Wis2 
structural/ functional homologues and targets. The first of these only 
investigated the possibility that a redundant homologue of Wis2 exists in 
S.pombe. This took the form of a degenerate PCR screen exploiting the high 
conservation amongst cyclophilins from various organisms to design 
primers. The second was a screen for mutants showing synthetic lethality 
with wis2A. The aim of this screen was to identify downstream targets of Wis2 
or gene products that can act redundantly with Wis2. 
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6.2 Attempt to isolate further S.pombe cyclophilin genes by PCR 
6.2.i Introduction. 
A polymerase chain reaction (PCR) based screen was conducted to 
investigate the possible existence of a second S.pombe Cyp40 type cyclophilin 
which could act redundantly with Wis2. There were a number of reasons for 
investigating the possibility of a redundant Cyp40 type protein: 
the budding yeast S.cerevisiae has two Cyp40 type cyclophilins, Cpr6p and 
Cpr7p. Although not essential for viability, CPR7 is required for normal 
growth. CPR6, like wis2, can be deleted with no observable effect. 
although overexpression of wis2 strongly suppresses the cell cycle defect 
of a cdc25-22 weeTl-50 win 1-1 triple mutant, the deletion of wis2 in this, or 
any other, genetic background tested has no effect. These findings could 
indicate the presence of a redundantly acting protein that can function in 
the absence of Wis2. 
a band of around 40kDa was detected in protein extract of a wis2A strain 
with an anti-Cyp18 antibody (R.Weisman). 
The highly conserved nature of cyclophilin domains was exploited to design 
degenerate PCR primers which were then used to amplify sequences from 
S.pombe genomic DNA and a cDNA library. It must be noted that at the time 
this work was carried out the genome sequencing project was not well 
advanced and the only known S.pombe cyclophilins were Wis2 and Cypi. 
6.2.ii Primers 
The regions from which the primers were designed were selected on the 
basis of high conservation among cyclophilin sequences balanced with the 
lowest degree of redundancy. For example, conserved regions containing 
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leucine or arginine were avoided where possible due to the six possible 
codons for these amino acids. The selected regions are shown in Figure 6.1 
which is a line-up of cyclophilin sequences (three Cyp40 and one Cyp18 type) 
from different organisms. Where necessary, two primers were used to cover 
one region in order to keep the degeneracy of each primer within reasonable 
limits and ensure adequate representation of each possible sequence. The 
amino acid sequences and corresponding degenerate oligonucileotide 
sequences are listed in section 8.7.ii.d. 
6.2.iii Strategy. 
Initially, the forward and reverse degenerate primers, shown in figure 6.1, 
were used in all 4 possible combinations with S.pombe wis2A genomic DNA as 
the template as the aim was to identify cyclophilins other than Wis2. PCR 
conditions for these combinations were optimised against plasmid containing 
wis2 sequence to give an indication of how much primer would be needed in 
each reaction, and the annealing temperature to be used. An example of the 
resulting PCR products with genomic DNA as the template is shown in 
Figure 6.2. 
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spwis2 	1 	 .'.---MSTYAY 	IQPTTYP 	NVVPKTVKNFAS 	EK. . . .D. C EU TK 52 
hscyp40 1 MSHPSPQAKPSNPSN 	 G RVGRIVLE. DIVPKTAENFRAIã TG H T. KPLHFK 69 
sccpr6 1 	 MTR T 	G QGRIVFE NDIVPKTAENFLKT 	AQMA PDVPLSYK 58 
sccpr7 	1 -'--MIQD L L K :IGRIVCK 	EKAKTTENFYKL, VK.SPL QQYLSYK 58 
spcypl 1 	 --MSN 	ANIQLGRIVFK AANFRAL . . . .Y... . .YA 	47 
1 	 2F 
spwis2 	53 WR 	 LQGGDF ......... $RNGTGGESIYC-EKFE.... DENFEL 	 100 
hscyp4o 70 	CP I 	;IQGGDF .........SNQNGTGGESIYGEKFE ....DENFHY ..........G 	117 
sccpr6 59 I HRV CQFGDF 	 FNGTGGESIYDEKFE 	DENFTV 	 106 
sccpr7 59 	GFHRVV 	I QAGDIVFGTQKDSS SSVGKGGCSIYADKEEVKTDDESFCYGNFEDENLGEF E T 128 
spcypl 	48 TFHRVIPQ ......... 1R@MjMWWJJjJQMP. 	 ......... .N 	95 
IR 	 2R 
spwis2 101 LSMANAG.PNTNGSQFFITTVPTPHLDGKHWFGK 	T _____. .LET DD 	P 	E TC 167 
hscyp40 118 LSMANAG.RNTNGSQFFITTVPTPHLDGKHVVFGQ IG 	IL . .VEV E KLC E 	184 
sccpr6 107 LSMANAG.PNTNGSQAFITCVPTPHLDGKHVVFGE 	K QQCDQENN R 	 175 
sccpr7 129 LGMANLGSPNTNNSQFFITTYAAPHLNGKHSIFGQ H 	 CRVD G. S SD 	197 
spcypl 96 L 	G.PNTNGSQVLDGKUVVFj TE.1DKKV S. .LG SGA RAR 	TV 162 
spwis2 168 T11: .. .QIEAPK . T 	. 	EGD.KSETA 	I S LKGIANK 	Q 	DT A Q 	230 
hscyp4o 185 K . . . .DDGGIF 	S D. DIDLKD 	I 	LKNIGNT S 1K 	249 
sccpr6 176 PD Q 	NAE T T Y 	VLKQ KVDLKNF. T LIAI TVKNIGTE 	 E 245 
sccpr7 198 El MG .LYN NDQIG YPD THFGDDDFGIAFEAfIIKESGTLL 
F 	S 266 





SCL hscyp40 250 KAVI E TAIRA. 	
NK NIN Ill 	 300 
sccpr6 246 D 	
. . . FPEFE.IEFIQI 
P IIICD 	D_I. 311 
sccpr7 267 .Nl! 	P ... EP D NIQFIN K 	SIVLFN R MYIT .VPW DQ____ 333 
spcypl 
GI 	AELL 	 V 








O-DR-  MT-----Q-F--- 
 spwis2 301 	L1C$.. . QGILKNFEES 	 356 	
Cyclophilin domain 
hscyp4o 315 QGWQGJ.  




371 	 TPR domain 
FCKEINIWVtQRIEYINRLETMIE NI SF 393 sccpr7 334 
SPCYp1 	 Putative calmoduliD 
binding site 
Figure 6.1. Line-up of Cyp40s (S.poinbe Wis2, human Cyp40, and S.cerevisiae CPR6 and CPR7) 
and S.pombe Cypi (Cyp18 type protein). Blue shaded areas indicate identical residues, yellow 
boxes show similar residues. Sequences from which degenerate primers were designed are 
shown by arrows. 
6.2.iv Results 
As shown in Figure 6.2 a number of PCR products were amplified from 
S.pombe genomic DNA using different primer combinations and conditions 
(Fl /R1, F2/R1 - 200pmol per reaction, and F2/R1 - 2nmol per reaction). The 
PCR products were separated by agarose gel electrophoresis then excised 
using clean scalpel blades. The DNA was recovered from the gel slices, using 
the Qiagen Gel Extraction Kit, and ligated into the pGEMT vector by virtue of 
the mono-A overhangs added to PCR products by Taq polymerase. Primers 
for regions adjacent to the cloning site of pGEMT were then used to sequence 
the PCR products and the results used to conduct a BLAST search of the 
S.pombe genome database. Twenty seven clones were successfully sequenced 
and separated into S groups on the basis of sequence similarity. Three of the 
clones were wis2; I had attempted to avoid this by using genomic DNA from 
a wis2A strain but this result indicates that some contamination had occurred. 
Cypi was also represented, but of the other 6 groups identified, none showed 
any homology to cyclophilins. The results of the sequencing are summarised 
in Table 6.1. 
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Figure 6.2. Example of PCR products obtained by degenerate PCR 






Ethidium bromide stained agarose gel showing the PCR 
products amplified by different degenerate primer pairs at 
different concentrations. The annealing temperature used was 
45°C. The lanes are as follows: 
M 	- 1kb ladder markers (a- 1018bp, b- 506bp, c- 396bp, d- 344bp, 
e-298bp) 
1+2 - F1 /RI primer pair 200pmol/reaction 
3+4 - F2/R1 primer pair 200pmol/reaction 
5+6 - F2/R1 primer pair 2nmol/reaction 
Primer names correspond to those indicated on Figure 6.1. 
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Not in database 
Not in database 









% identity to wis2 covers region of wis2 to which primers were designed 
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6.3.v Conclusions 
The PCR based approach described above did not result in the identification 
of any new S.pombe cyclophilin sequences. The primers used also did not 
amplify the predicted cyclophilin OREs that have subsequently been identified 
by the S.pombe genome sequencing project. Some of these were found to 
have introns within the sequences from which the primers were designed 
which would prevent them from annealing to target sequences. 
It was decided not to pursue this approach further and instead to 
concentrate on experiments more directly addressing the question of Wis2 
function. It is also possible that there is not a second Cyp40 in S.pombe, and 
even if there is, it may not act redundantly with Wis2, as is the case with the 
S.cerevisiae Cyp40s Cpr6p and Cpr7p. To date, nine genes encoding 
cyclophilins have been identified by the S.pombe genome sequencing project 
but Wis2 is the only Cyp40 so far. 
6.3 Screen for mutants showing synthetic lethality with wis2A. 
6.3.i Introduction 
A screen for mutations showing synthetic lethality with wis2A was 
conducted to look for mutants that required the expression of physiological 
levels of Wis2 for viability. It was hoped that this screen would identify 
mutations in genes encoding proteins that either act redundantly with Wis2 
or are downstream targets of Wis2. The screen was carried out in a wis2A 
strain (ED1097) carrying the plasmid pREP41wis2. The presence of 
pREP41wis2 allowed the regulated expression of a physiological level of Wis2, 
depending on the presence or absence of thiamine in the growth media. This 
strain was mutagenised using ethylmethanesuiphonate (EMS). Selection for 
mutants was by their ability to grow on media without thiamine but not with 
thiamine, i.e., only when Wis2 expression is switched on from pREP41wis2. 
Genes with mutations that showed synthetic lethality with wis2A would be 
cloned by functional complementation using a cDNA library. 
6.3.ii Strain. 
A wis2A ura4- leul- strain was made so that the leul marker could be used 
for the wis2-containing plasmid and the ura4 marker for cDNA library 
plasmids in any subsequent complementation screens. The steps in 
generating this strain are outlined in Figure 6.3. 
Firstly a wis2A leul hisTl strain was made by crossing ED1097 (wis2::ura4 
leul-32) with ED1051 (ura4-197 leul-31 hisl-102), see Figure 6.3. The 
Figure 6.3. Construction of wis2zt lew urti strain for 
synthetic lethality screen. 
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resulting spores were analysed by random spore analysis to identify the 
correct genotype. The ura4 marker originally used to delete wis2 was then 
replaced with his1. This was achieved by transforming the wis2::ura4 ura4 
leul-32 hisl-102 strain with a linear DNA fragment containing the hisl gene 
flanked by ura4 sequences which integrated into the genome at the wis2 locus 
by homologous recombination with the ura4 marker originally used to 
delete wis2 (Fig. 6.3). The resulting transformants were grown initially on 
EMM supplemented with leucine and uracil to select for histidine 
prototrophy. Stable his transformants were then grown on EMM plates 
containing leucine, uracil and 5'FOA to select against ura strains that would 
result from the linear fragment integrating somewhere other than at the wis2 
locus. 
6.3.iii Screen 
The wis2zt strain described above was transformed with pREP41wis2, which 
expresses Wis2 at a level approximately 2-3 times higher than wild-type, 
although still lower than the heat-shock induced level, when the promoter is 
switched on, in the absence of thiamine in the growth medium (Figure 6.4). 
This strain was then mutagenised with EMS which causes base transition 
mutations. The mutagenesis protocol is described in Chapter 8. 
A survival rate of approximately 50% after mutagenesis was achieved. In 
total, around 120,000 colonies were screened for mutations showing synthetic 
lethality with wis2A. The mutated cells were initially grown on EMM+ura, 
conditions under which Wis2 expression from pREP41wis2 is induced. The 
resulting colonies were then replica plated onto EMM plates containing uracil, 
thiamine and phioxin B. The presence of thiamine in the media switches off 
the expression of Wis2 from pREP41wis2, and 
Figure 6.4. Wis2 protein levels. 
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5tg total protein extract from, lane 1- wild-type strain grown 
under normal conditions; lane 2- wis2A strain; lane 3- 
wis24 strain with pREP41wis2 grown under promoter 
derepressing conditions; lane 4- wild-type strain subjected to 
heat shock, were run on an SIDS PAGE gel. The resolved proteins 
were transferred onto PVDF membrane which was then blocked 
and probed with anti-Wis2 rabbit polyclonal antibody. The anti-
Wis2 signal was detected with an HRP conjugated secondary 
antibody and an Enhanced ChemiLuminescence protocol. 
phioxin B allows the easy identification of colonies containing a high 
proportion of dead cells as they take up the red stain more readily than live 
cells. Therefore, the initial selection of putative positive mutants was for 
colonies that stained red with phioxin B in the presence of thiamine (Wis2 
expression off) but formed colonies in the absence of thiamine (Wis2 
expression on). 
A number of red colonies were isolated from the primary selection on 
EMM+ura+thiamine4-phloxin B and subjected to further analysis. The putative 
positives were streaked to single colonies on medium with or without 
thiamine to test their requirement for Wis2 expression. Approximately 100 
colonies were isolated at the initial selection stage but none of these 
subsequently showed a requirement for Wis2 expression for colony 
formation. 
6.3.iv Conclusions 
In the event of a negative outcome, it is very difficult to determine when the 
system is saturated with a screen such as this. Approximately 50% of the cells 
mutagenised were damaged to such an extent that they were no longer 
viable. Of the remaining 50% that were screened for mutations showing 
synthetic lethality with wis2z it was not known how many carried mutations 
of any kind and therefore it is very difficult to estimate how many mutants 
have been screened. The only indication of how many colonies to test comes 
from comparison with similar published screens, although experiments such 
as this are only published in the event of a positive outcome. However, 
published screens [e.g. (Kanoh et al., 1998), (Berry et al., 1999) and (de 
Bettignies et al., 1999)] have reported multiple positive interactions from 
screening 60,000-100,000 colonies. Therefore I propose that as no positive 
interaction had been identified from the 120,000 colonies screened, this 
experiment was not going to identify any mutations showing synthetic 
lethality with wis2A. One possible explanation is that Wis2 function is not 
essential for viability. Another possibility is that Wis2 function is only 
required under certain conditions that are outwith the scope of this screen, 
such as heat-shock or other types of stress. There is also the possibility of 
there being multiple redundant homologues which would all have to be 
mutated at the same time in order for an effect to be seen and the probability 
of this happening decreases with the number of redundant homologues. 
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Chapter 7. Discussion. 
7.1 Summary of results. 
The effect of overexpression of wis2 in a number of strains carrying 
different cdc2ts  mutant alleles was assessed. Six different cdc2ts  mutant 
backgrounds were tested for sensitivity to wis2 overexpression and in 
each case an enhancement of the cell cycle defect was noted. 
Wis2 consists of two domains, an N-terminal cyclophilin domain and a C-
terminal TPR containing domain, that are linked by a hinge region. The 
two domains were overexpressed separately in the genetic backgrounds 
where an effect of full length Wis2 overexpression had been observed. In 
each case the C-terminal domain of Wis2 alone was found to be 
responsible for the observed effect of Wis2 overexpression. 
An in vitro system, using N-terminally GST tagged Wis2 constructs, was 
used to investigate the physical interactions of Wis2. A number of 
ribosomal proteins and the S.pombe Hsp90 homologue Swol were 
identified as associating with Wis2. The interaction between Wis2 and 
Swol was greatly enhanced by prior heat-shocking of the cells from which 
the extract was made. The amount of Swol binding to immobilised Wis2 
was also increased by pre-incubating the S.pombe extract with ATPyS 
before adding to the Wis2 beads. Cyp40 and Hsp90 are known to interact 
in higher eukaryotes in association with a number of other proteins. One 
of these other proteins is p23, the S.pombe homologue of which is Wos2. 
Wos2 was found to be present, by western blotting with a specific 
antibody, in the Wis2 bound fractions from the in vitro experiments, in 
amounts that correlated well with the amounts of Swol present, 
suggesting that a Wis2-Swol-Wos2 complex can be formed in S.pombe. 
The in vitro binding experiments were repeated with GST fusions of the N-
terminal or C-terminal domains of Wis2. Most of the proteins identified as 
binding to full length Wis2 bound to the C-terminus alone and no bands 
could be seen to be binding to the N-terminal domain of Wis2. 
The cellular localisation of Wis2 was established as cytoplasmic by indirect 
immunofluorescence. There was clear nuclear exclusion even when the 
protein was overexpressed. In situations where an effect of 
overexpression of Wis2 could be seen, i.e., the cdc25-22 weel-50 win 1-1 
triple mutant and cdc2-33 mutant, the localisation remained cytoplasmic. 
Each of these points is discussed in greater depth in the sections that follow. 
7.2 Effects of Wis2 overexpression. 
Wis2 was originally identified as a multicopy suppressor of the conditional 
lethal cdc phenotype of the cdc25-22 weel-50 win 1-1 triple mutant S.poinbe 
strain (Warbrick et al., 1992). Therefore, in this background the effect of Wis2 
overexpression is to alleviate a cell cycle block. The mechanism by which this 
is achieved is unclear but work presented in this thesis allows a possible 
explanation to be proposed. 
Cdc2 is a cyclin dependent kinase and, when complexed with Cdc13, is the 
major mitotic regulator in S.poinbe. Temperature sensitive loss-of-function 
mutations of cdc2 result in a cell cycle arrest at the restrictive temperature. It 
had previously been shown by R. Bayne in this laboratory, that 
overexpression of Wis2 in a cdc2-33 temperature sensitive mutant 
background caused cell cycle arrest to occur at the semi-permissive 
temperature of 33°C instead of the usual restrictive temperature of 35°C. 
In Chapter 2 data are presented that show the effect of Wis2 overexpression 
in a number of cdc2ts  mutant backgrounds. In each case Wis2 overexpression 
had the effect of lowering the restrictive temperature at which the cdc 
phenotype was observed. It can therefore be concluded that in a cdc2t5 
background the effect of Wis2 overexpression is to enhance a cell cycle block. 
It is difficult to reconcile the opposite effects of Wis2 overexpression in the 
different backgrounds with a simple mechanism. The phenotype of CdC2ts 
mutant strains and the cdc25-22 weel-50 win 1-1 triple strain is a defect at the 
G2-M transition at the restrictive temperature. However, Wis2 
overexpression has the effect of enhancing this defect in cdc2ts  mutant 
backgrounds and relieving it in the triple mutant background (Chapter 4). 
An obvious suggestion would be that Wis2, being a cyclophilin, has a 
chaperone role and that overexpression of the protein interferes with the 
normal turnover of its target proteins resulting in a phenotypic effect. 
However, it was found that the C-terminal domain of Wis2 is responsible for 
the seemingly paradoxical effects of Wis2 overexpression in the triple mutant 
and cdc2t5  background, and that the N-terminal cyclophilin domain was not 
involved (Chapter 4). 
The C-terminal domain of Wis2 contains tetratricopeptide repeats (TPRs) 
and a putative calmodulin binding site. TPRs have been reported to be 
involved in mediating protein-protein interactions and had been thought to 
be involved in targeting the cyclophilin domain of Wis2. This may be the case 
regarding the physiological function of Wis2, which has yet to be determined, 
but is not true for the effects of Wis overexpression in the cell cycle 
compromised strains described here. 
Taking all this into consideration, the implication is that overexpression of 
Wis2, or the C-terminal domain alone, has an indirect effect on cell cycle 
progression by disturbing the balance of active proteins by a mechanism 
other than chaperoning. The fact that Wis2 overexpression only has an effect 
in certain cell cycle mutant backgrounds suggests that the system must 
already be compromised before an effect is seen. 
7.3 Proteins that interact with Wis2. 
An in vitro system was developed to investigate the proteins that interact 
with Wis2. Although limited to the identification of proteins in bands that are 
both intense and well resolved by SDS PAGE, and not of a similar molecular 
weight to GST-Wis2, this approach did yield informative results. 
When protein extract from wild-type S.pombe cells grown under normal 
conditions was used six bands that bound to GST-Wis2 could be cleanly 
excised from the gel for identification (Figure 3.3). Mass spectrometric 
analysis revealed that five out of the six were ribosomal proteins from the 60S 
subunit, while the other protein was not identified. Two possible explanations 
for the association of ribosomal proteins with Wis2 were that they might 
have been associating with the N-terminal cyclophilin domain in a chaperone-
substrate manner, or that they were associating by non-specific (in terms of 
function) charge-charge interactions with the C-terminal domain of Wis2. This 
question was directly addressed by an experiment where the two domains of 
Wis2 were expressed separately as fusion proteins and used in the in vitro 
system. The bands corresponding to the ribosomal proteins associated with 
the C-terminal domain of Wis2, which supports the latter of the above 
possibilities (Figure 4.4). 
Wis2 expression is induced by heat shock (Figure 3.4), and although it does 
not appear to be required for viability after heat shock, the presence of heat 
shock response elements (Weisman et al., 1996) in the promoter region 
indicates that Wis2 may have some role in the heat shock response. With this 
in mind, the in vitro protein-protein interaction experiment was repeated with 
extract from wild-type S.pombe cells that had been subjected to heat shock. A 
faint band of -85kDa had been observed in some of the previous experiments 
using non-heat shocked extract but there was not sufficient material for 
identification. From the heat shocked extract the ribosomal protein bands 
were still present but the previously faint and sporadically seen -85kDa band 
was much more intense and observed consistently. The protein from the 
band was identified as the S.pombe Hsp90 homologue Swol. No other 
additional bands were seen to associate with Wis2 as a result of heat shocking 
the cells before preparing the extract. 
The association of Wis2 and Swol is in accordance with data from higher 
eukaryotes where the Cyp40 and Hsp90, and other components, form a 
chaperone complex for inactive steroid receptors (Pratt et al., 1997). The 
Wis2/Swol association was found to be mediated by the TPR containing C-
terminal domain of Wis2 (Figure 4.4) as was expected from reports of the 
association from other systems (Ratajczak et al., 1996). 
It was not clear whether the increase in Swol associating with Wis2 that was 
observed with the heat shocked extract was simply due to an increase in the 
amount of Swol as a response to heat shock, or if there was a post-
translational modification/ conformational change resulting in a higher 
affinity to Wis2. Unfortunately no anti-Swol antibody was available to 
investigate the difference in total Swol levels before and after heat shock, and 
no other Hsp90 antibody could be found that reported a cross-reaction with 
the S.pombe homologue. 
An ansamycin antibiotic, geldanamycin, is reported to affect the protein - 
protein interactions of Hsp90 (Czar et al., 1997). Geldanamycin acts by 
preventing ATP binding to Hsp90 by occupying the ATP binding site with 
high affinity (Prodromou et al., 1997). ATP7S is a non-hydrolysable analogue 
of ATP and has been reported to bind to ATP binding sites locking the 
molecule into an ATP bound state (Habraken et al., 1998; Hingorani et al., 
1998). The effects of both of the compounds on the Wis2/Swol association 
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were tested by pre-incubating extract from heat shocked cells with one or 
other of the compounds before using in the in vitro binding system. 
Pre-incubation of extract with geldanamycin did not have a significant effect 
on the Wis2/Swol interaction (Figure 3.6). Pre-incubation with ATPyS 
however significantly increased the amount of Swol associated with Wis2 
from the heat shocked extract (Figure 3.6). This suggests that the ATP bound 
form of Swol has a higher affinity for, or is more stably bound to, Wis2 in 
this system. It also indicates that the increase in Swol associated with Wis2 
after heat shock is probably not solely due to an increase in Swol protein 
level. 
The mature complex of which Cyp40 and Hsp90 form a part in higher 
eukaryotes also contains, amongst other components, p23. p23 is reported to 
be the last component to join the complex, binding directly to Hsp90 and 
adding a degree of stability (Dittmar et al., 1997). There is also evidence to 
suggest that p23 binds preferentially to the ATP bound form of Hsp90 
(Johnson et al., 1996). 
The S.pombe homologue of p23, Wos2, has been cloned in the laboratory of 
J. Jimenez (Munoz et al., 1999) who kindly provided anti-Wos2 polyclonal 
antibody. This allowed us to investigate, albeit indirectly, the possibility that a 
Wis2-Swol-Wos2 containing complex can form in S.pombe. Figure 3.7 shows 
that the amount of Wos2 present in the eluates from the in vitro binding 
experiments correlated well with the amount of Swol present, with a 
significant increase observed when extract had been pre-incubated with 
ATP. Although not conclusive, these results suggest that a 
Wis2/Swol/Wos2 containing complex can form in S.pombe, although the 
function of such a complex is unknown as no steroid receptor homologues 
have as yet been identified in S.pombe. 
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7.4 Localisation of Wis2. 
The location of a protein within a cell and whether or not it changes in 
response to stress, cell cycle progression, etc., can help in elucidating its 
mechanism of action. To this end the cellular localisation of Wis2 was 
determined by indirect immunofluorescence using a polyclonal anti-Wis2 
antibody. Wis2 protein was localised in wild-type cells grown under normal 
conditions, cdc2-33 cells overexpressing Wis2 at 33°C and cdc25-22 weel-50 
win 1-1 triple mutant cells overexpressing Wis2 at 35°C. The localisation of 
Wis2 was investigated in the cell cycle mutants under the conditions stated as 
this is when an effect of Wis2 overexpression can be observed. 
Wis2 was found to be localised to the cytoplasm in all the backgrounds and 
conditions assessed. Sequence analysis revealed a putative nuclear export 
signal (NES) in the C-terminal domain of Wis2 which could be responsible for 
its localisation, and this is shown in Figure 5.5. I attempted to address the 
questions as to whether or not the consensus sequence is a genuine NES and 
if so, whether the localisation of Wis2 is important for the observed effects of 
overexpression. Primers for site directed mutagenesis were designed to 
mutate the conserved leucine residues of the NES sequence to alanine 
residues which should abolish any NES function. Unfortunately this was not 
successful in the time available and is discussed further in section 7.6.iv.. 
7.5 Model for the observed effects of Wis2 overexpression. 
Based mainly on the work presented in this thesis, a model can be proposed 
to explain the effects of Wis2 overexpression in cdc2t5  and cdc25-22 weel-50 
winl-1 triple mutant strains. The hypothesis is that excess Wis2 titrates 
Swol /Hsp90 away from its kinase chaperoning activities thus exerting an 
effect on cell cycle progression. However this effect is only manifested in 
some cdc mutant backgrounds when the finely controlled system is 
compromised and is relying on mutant proteins that potentially have a higher 
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requirement for chaperones than normal proteins. As described in section 
1.6.iii, the kinase specific co-chaperone of Hsp90 is p50/Cdc37 (Stepanova et 
al., 1996; Grammatikakis et al., 1999). Although they do not bind to the same 
site on Hsp90, the presence of Cyp40 or Cdc37 is mutually exclusive (Pratt et 
al., 1999). The proposed model is illustrated in Figure 7.1. 
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The molecular chaperone Hsp90 is known to form complexes with 
different co-chaperone proteins. These chaperone complexes have 
different cellular targets. The Cyp40 containing complex in 
mammalian systems is found to be associated with inactive steroid 
receptors, and there is evidence that the Cdc37 containing complex 
is required to chaperone protein kinases. Data has been presented 
to demonstrate that Wis2 binds to Hsp90 in vitro. A possible 
explanation for the observable effects of Wis2 overexpression in 
cell cycle mutant backgrounds is that it titrates Hsp90 away from 
the Cdc37 complex that is required for the effective chaperoning of 
mutant kinases. 
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The effect of Wis2 overexpression in the cdc2ts  mutants is relatively easy to 
explain in the context of this model. As the temperature is increased the 
mutant Cdc2 proteins require chaperone activity to remain functional. Under 
normal conditions this would be provided by Swol /Cdc37 but the 
overexpression of Wis2 reduces the amount of Swol available to act with 
Cdc37 in this manner. In this way the mutant proteins are inactivated at a 
lower temperature than when effectively chaperoned and the cdc phenotype 
is observed at what was previously a semi-permissive temperature. 
In the cdc25-22 weeTt-50 win 1-1 triple mutant the situation is much more 
complicated. The Cdc2 protein present is wild-type and presumably not 
directly affected by Wis2 overexpression. The effect of Wis2 overexpression in 
this background could be explained if the cell cycle delay were due to an 
activity that requires Swol /Cdc37 chaperone activity. This could be due to 
residual Weel activity or the activity of its functional, but weaker, homologue 
Miki (see section 1.2.ii) maintaining the inhibitory phosphorylation on Cdc2. 
By titrating Swol away from the kinase chaperone complex, the 
overexpression of Wis2 would result in reduction of the inhibitory 
phosphorylation of Cdc2 and subsequent progression through the cell cycle. 
Although this proposed model fits the data available it is still highly 
speculative and needs to be tested thoroughly. There are already data to 
suggest that Weel activity requires Swol (Aligue et al., 1994), but the 
requirement of the cdc2ts  mutants for Swol has yet to be shown. Suggestions 
for testing this model are offered in the next section. 
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7.6 Further work. 
7.6.i Model for the effects of Wis2 overexpression. 
The work in this thesis has led us to propose a hypothetical model of how 
Wis2 overexpression affects cell cycle progression in cdc2ts  and cdc25-22 weel-
50 win 1-1 triple mutant backgrounds. A requirement for Swol chaperoning 
by the cdc2 mutant proteins must be determined, and one way of 
approaching this would be to demonstrate synthetic lethality between swo1 
and a cdc2ts  mutant. Another type of experiment to test the model would be 
to try to counteract the effect of Wis2 overexpression by increasing the 
amount of Cdc37. As the S.pombe Cdc37 homologue has now been cloned in 
this laboratory (Paul Westwood, personal communication) this experiment is 
possible. 
7.6.ii Proteins that interact with wis2. 
It is important to establish that the protein-protein interactions observed in 
vitro also occur in vivo. This could be tested by immunoprecipitating with an 
antibody from S.pombe extract and analysing the proteins that co-
immunoprecipitate with the target protein that the antibody recognises. 
Preliminary experiments with the anti-Wis2 polyclonal antibody were not 
successful, however this was not pursued extensively. The Wos2 antibody 
could also be used to investigate the presence of a Wis2-Swol-Wos2 complex 
in vivo. 
It is not entirely clear what is responsible for the increase in Swol associated 
with Wis2 that is seen when extracts from heat-shocked cells are used in the in 
vitro binding experiment described in Chapter 3. An antibody that reacts with 
Swol could be used to compare the total increase in Swol levels after heat 
shock with the increase seen in Swol that associates with Wis2. 
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7.6.iii The physiological role of Wis2. 
Although the work presented here has allowed us to offer an explanation 
for the effects of Wis2 overexpression and why it was identified in a screen 
for multicopy suppressors of a cell cycle defect it has not led us to the 
physiological role of Wis2 within the cell. As demonstrated in Chapter 4, the 
observed effects of Wis2 overexpression in the cell cycle compromised 
backgrounds can be attributed to the C-terminal domain alone. This still 
leaves the question of the function of the highly conserved N-terminal 
cyclophilin domain, and indeed the whole protein, unanswered. 
The synthetic lethality screen described in Chapter 6 was designed to 
identify functional homologues and targets of Wis2 but could only do so if 
Wis2 performs a function that is essential under the conditions tested. The one 
conclusion that could probably be drawn from this experiment is that the 
function(s) carried out by Wis2 is/are not essential for viability under normal 
growth conditions. 
It is possible that Wis2 does not have an essential function under any 
conditions in which case a screen such as this would not be very informative. 
An alternative scenario is that Wis2 has a function that is only required under 
some kind of stress conditions, the most obvious being heat shock. It would 
be possible, and perhaps worthwhile, to adapt the synthetic lethality screen 
protocol to include a stress such as growth at high temperature in the 
selection process. 
7.6.iv Testing the presence of a nuclear export signal in the Wis2 protein. 
The immunofluorescence data shown in Chapter 5 indicate that Wis2 
normally occupies a cytoplasmic location. Analysis of the amino acid sequence 
identified a putative leucirie rich nuclear export signal in the C-terminal 
region. An attempt was made to change the leucine residues (in red in Figure 
5.5) to alanine residues by site directed mutagenesis, as analogous 
substitutions had been shown to prevent nuclear export of other proteins 
(Kim et al., 1996; Stommel et al., 1999). By doing this I hoped to confirm 
whether or not this sequence is in reality a nuclear export signal and to 
investigate if altering the localisation of Wis2 would have an effect on the 
phenotypes of Wis2 overexpression. Unfortunately, it was not possible to 
generate the mutated wis2 sequence in the time available. The Bio-Rad 
mutagenesis kit and primers described in Chapter 8 could be used to test the 
possibility that Wis2 contains a nuclear export signal and this information 
may help to elucidate the function or mechanism of action of the protein. 
7.7 Roles of cyclophilins and other PPlases. 
As mentioned in Chapter 1, nine genes encoding cyclophilins, representing 
a number of subtypes (see Fig 1.4), have now been identified in S.pombe but 
there are as yet no clues to the functions of these proteins within the cell. The 
only characterized S.pombe cyclophilins are Cypl and Wis2. One FKBP has 
been reported in S.pombe,fkp39, and the encoded protein has been localised 
to the nucleus but no function has been assigned to it (Himukai et al., 1999). 
So far there are no published reports of an S.pombe parvulin type PPIase. 
Around 30 genes and predicted OREs encoding TPR containing proteins have 
been identified in S.pombe;  these encompass a large range of predicted 
activities, including a mitochondrial membrane receptor, a pre-mRNA 
splicing factor, a putative transcription factor subunit and a protein 
phosphatase, but no other TPR containing PPIase proteins. 
In S.cerevisiae there are 8 cyclophilins, 4 FKBPs and 1 parvulin type PPIase. 
Deletions of 2 of the immunophilins, cpr7 and fprl, confer a slow growth 
phenotype compared with a wild-type strain but the others can be deleted 
without any growth impairment (Dolinski et al., 1997). A multiple deletion of 
all 12 cyclophilin and FKBP homologues demonstrated that the resulting 
strain was viable under standard and stressed growth conditions (Dolinski et 
al., 1997). In contrast, the one parvulin homologue, ESS1, is essential for 
viability (Hanes et al., 1989). 
In most other organisms there are reports of multiple immunophilin 
(cyclophilin and FKBP) homologues, but although there has been much 
biochemical characterisation there is little functional data. As described in 
Chapter 1, section 1.5.ii, physiological activity has been assigned to the NinaA 
cyclophilin from D.melanogaster and the mammalian cyclophilins CypB and 
CypD. 
The only essential PPIase function belongs to the parvulin homologues. 
ESS1 is an essential gene in S.cerevisiae but null mutants can be rescued by 
overexpression of S.cerevisiae cyclophilin A (CPR1) suggesting that the PPIase 
activity is crucial. The human parvulin homologue, Pini, was found to be 
essential for the regulation of mitosis (Lu et al., 1996). This effect was further 
characterized in the model organism X.laevis where the Pini homologue was 
found to interact with Cdc25 and be required for the DNA replication 
checkpoint (Crenshaw et al., 1998; Winkler et al., 2000). 
The Cyp40 type cyclophilins have been fairly well characterized with respect 
to their association with Hsp90 and unliganded steroid receptor complexes. 
However it has been shown that immuriophilins are not required for the 
formation of functional steroid receptors (Warth et al., 1997; Rajapandi et al., 
2000). Hsp90 undoubtedly has functions other than the formation of 
functional steroid receptors. Whether or not the highly conserved Cyp40s are 
involved in or required for these other functions remains to be seen, as does 
the possibility that Cyp40s have an independent role within the cell. 
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Chapter 8. Materials and methods 
8.1 Commonly used reagents and buffers. 
Most of the methods employed in this work are based on those described in 
Molecular cloning: A Laboratory Manual (Sambrook et al., 1989). 
All chemicals used were of analytical grade and were purchased from 
Sigma, British Drug Houses (BDH), Gibco-BRL, Fisons or Pharmacia. 
dH20 refers to autoclaved, distilled water. 
Tris-HC1 
A 1M stock solution of Tris-HC1 was made by dissolving tris base 
(tris[hydroxymethyl]aminomethane) in dH20, adjusting the pH to the 
required value with HC1 then adding dH20 to the required volume. 
EDTA 
A stock solution of 0.5M EDTA (ethylenediamine tetra-amino acid, di-
sodium salt) was made by dissolving EDTA in dH20, adjusting the pH to 8.0 
with NaOH then adding dH20 to the required volume. 
TE 
10mM Tris-HC1 (pH 7.5), 1mM EDTA. Used routinely as a DNA solvent. 
Phenol/chioroform/isoamyl alcohol 
25:24:1 (v/v) mixture. (Sigma). 
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Phenol 
Water saturated phenol (Sigma) 
Chloroform 
24:1 (v/v) mixture of chloroform and isoamyl alcohol. (Sigma). 
Sodium acetate 
3M solution made by dissolving sodium acetate in dH20, adjusting the pH to 
5.2 with HOAc then adding dH20 to the required volume. 
Ethidium bromide 
lOmg/ml stock solution. (Sigma) 
Nucleic acid loading buffer 
6x stock solution stored at 4°C 
0.25% w/v bromophenol blue 
30% v/v glycerol 
SDS protein loading buffer 
5x stock solution stored at 4°C 
250mM Tris-HC1 (pH6.8) 
5%w/v SDS 
25% v/v glycerol 
0.05%w/v bromophenol blue 
12.5% v/v 14.3M 3 - mercaptoethanol added at time of use 
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TAE 
50x stock solution stored at room temperature. 1 x buffer used as 
electrolyte for agarose gels. 
1 litre: 242g Tris base 
57.1 glacial acetic acid 
100m1 0.5M EDTA (pH 8.0) 
8.2 DNA manipulations 
8.2.i Dissolving and storage 
All DNA was dissolved in TE or dH20 depending on subsequent procedure. 
DNA solutions were routinely stored at -20°C. 
8.2.ii Extraction with phenol/chloroform 
Extraction with phenol/ chloroform /isoamyl alcohol (25:24:1)was carried out 
to remove proteins from DNA solutions. 
An equal volume of phenol/ chloroform /isoamyl alcohol was added to the 
DNA solution and the two solutions mixed by vortexing until an emulsion 
formed. The aqueous and organic phases were then separated by 
centrifugation at 13K rpm for 4 minutes at room temperature. The aqueous 
phase was then transferred to a fresh tube, avoiding proteins at the interface 
of the two phases, and the DNA recovered by precipitation. 
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8.2.iii Precipitation 
DNA was precipitated by the addition of 0.1 volume of 3M NAOAc pH5.2 
and 2 volumes of absolute ethanol. The solution was mixed thoroughly by 
vortexing then placed at -20°C for 30 minutes before pelleting the DNA by 
centrifugation at 13K rpm at 4°C for 15 minutes. Trace amounts of salt were 
removed by washing the pellet with either -20°C 70% ethanol (>500 
nucleotides) or -20°C 90%  ethanol (<500 nucleotides) then repelleting by 
centrifugation. The pellet was then air dried and resuspended in TE or dH20. 
8.2.iv Quantification 
DNA quantification was achieved by ethidium bromide staining after gel 
electrophoresis and comparison to known amounts of marker DNA. 
8.3 Molecular analysis of DNA. 
8.3.i. Restriction digests 
Type II restriction enzymes (Boehringer Mannheim, Promega, NEB) were 
used to cut DNA at specific sites. Routinely, 0.5-2tg DNA was digested with 5-
10 units of enzyme in suitable buffer in a total volume of 20i1 at the 
appropriate temperature for 1-1.5 hours. The reaction was scaled up where 
larger amounts of cut DNA were required. 
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8.3.ii Modification enzymes 
Large fragment of DNA polymerase I (kienow) 
This enzyme has 3'-->5' polymerase activity and was used to fill in 3' recessed 
termini after restriction digestion to allow ligation of non-compatible ends. 
T4 DNA polymerase 
The 3'-5' exonuclease activity of this enzyme was used to remove 3' 
protruding termini after restriction digestion to allow ligation of non-
compatible ends. 
Alkaline phosphatase 
Catalyses the removal of 5' phosphate residues from DNA, RNA, rNTPs 
and dNTPs. Calf intestinal phosphatase was used to remove 5' phosphates 
from linearised vectors to prevent self-ligation during subsequent ligation 
reactions. 
T4 DNA ligase 
Catalyses the formation of phosphodiester bonds between adjacent 3' 
hydroxyl and 5' phosphate termini of DNA and was used to join DNA 
molecules with compatible, cohesive termini or blunt ends. 
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8.3.iii Agarose gel electrophoresis 
0.6-1.0% (w/v) agarose gels were used for analysis of DNA fragments 0.2-
10Kb in size. Agarose (Boehringer Mannheim) was dissolved in 1XTAE buffer 
by brief boiling. DNA samples were mixed with loading buffer before loading 
into wells alongside 0.5ig of molecular weight markers (1Kb ladder from 
Gibco BRL). Gels were run with an applied voltage of 4-8V/cm for 1-3 hours. 
DNA was stained either by the addition of ethidium bromide to the gel 
mixture at a final concentration of 0.5.ig/m1 or by staining the gel in an 
0.5tg/ml ethidium bromide solution after electrophoresis. The stained DNA 
was visualised on a transilluminator and images recorded with a digital 
camera. 
8.3.iv Gel purification of DNA fragments 
Restriction digest reactions were separated on agarose gels as described in 
section 7.3.iii, and a slice containing the appropriate fragment was excised. 
The DNA fragment was then purified using the QIAGEN QlAquick Gel 
Extraction kit following the manufacturers' instructions. 
8.3.v DNA sequencing 
Sequencing was performed on an ABI 377 automated sequencer after 
carrying out the reactions using the Taq FS Dye-terminator kit (PE Applied 
Biosystems), following the manufacturers' instructions precisely. For all 
sequencing reactions carried out in this project a Hybaid 'Touchdown' PCR 
thermal cycler was programmed with 25 of the following cycles: 
96°C for 30 sec 
50°C for 15 sec 
60°C for 4 mm 
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8.4 Protein manipulations. 
8.4.i SDS polyacrylamide gel electrophoresis 
Discontinuous SDS-polyacrylamide gels were used for the separation of 
proteins and polypeptides under denaturing conditions. Discontinuous 
polyacrylamide gels consist of a lower resolving gel and an upper stacking 
gel. The stacking gel acts to concentrate the sample resulting in better 
resolution in the lower gel. The BioRad Mini-PROTEAN II system was used 
for all SDS PAGE described in this work. 
Reagents and gel preparation protocol are based on those described by 
Laemmli (Laemmli, 1970) and in the BioRad Mini-PROTEAN II system 
manual. The BioRad Mini-PROTEAN II system components were assembled 
following the manufacturers' instructions precisely. The 12.5% resolving gel 
was poured between the glass plates of the gel apparatus and overlaid with 
deionised water, was made up of the following components mixed in the 
order shown: 
dH20 	 1.57m1 
1.5M Tris-HCl pH8.8 	1.25m1 
10%(w/v) SDS 	 50pi 
30% acrylamide/bisacrylamide 2.1ml 
10%(w/v) APS 	 25il 
After the resolving gel had polymerised, the overlay was removed and the 
stacking gel was poured on top. Before the stacking gel polymerised, the 
comb was inserted to allow the wells to form. The 4% stacking gel was 
prepared by mixing the following in the order shown: 
dH20 	 1.525m1 
0.5M Tris-HCl pH6.8 	0.625ml 
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10%(w/v) SDS 	 25p1 
30% acrylamide/bisacrylamide 0.325m1 
10%(w/v) APS 	 25ji1 
The samples were denatured by heating at 100°C for 5 min in lx SDS sample 
buffer, section 7.1. Once the stacking gel had polymerised, the comb was 
carefully removed and the wells flushed first with deionised water and then 
with running buffer (25 mM Tris; 250 mM glycine, pH 8.3; 0.1% (w/v) SDS) to 
remove unpolymerised acrylamide. After heat denaturation, the samples 
were loaded and voltage applied to the gel at 8 V/cm until the dye front had 
moved into the stacking gel and then 15 V/cm until the dye front reached the 
bottom of the resolving gel. 
8.4.ii Staining SDS-polyacrylamide gels with Coomassie Brilliant Blue 
SDS-polyacrylamide gels were immersed in Coomassie dye (0.005% (w/v) 
Coomassie Brilliant Blue R250 in 45% (v/v) methanol; 10% (v/v) glacial acetic 
acid) for 4 hours at room temperature. The gels were then destained by 
immersing in 5% (v/v) methanol/7% (v/v) glacial acetic acid for 24 hr, 
changing the destaining solution every few hours. 
8.4.iii Filter hybridisation of proteins. 
The Mini Trans Blot cell from BioRad was used for the electrophoretic 
transfer of proteins from SDS polyacrylamide gels to membranes. The 
apparatus was assembled according to the manufacturer's instructions and 
the transfer carried out in transfer buffer for 1 hour at 100 volts. Proteins 





20% v/v methanol 
8.4.iv Staining of membranes for total protein. 
After electrophoretic transfer, PVDF membranes were stained in an 
aqueous solution of Ponceau S to reveal the transferred protein and to 
monitor blotting efficiency and completeness. Ponceau S solution prepared by 
dissolving 0.25g Ponceau S powder in imi glacial acetic acid then making the 
volume up to lOOmi with dH20. The blots were allowed to stain for 1 mm 
before being washed gently in deionised water to remove unbound dye. 
8.4.v Blocking, washing and antibody incubations. 
The blots were blocked by immersing in lx PBS (50 mM sodium phosphate, 
pH 7.4; 150 mM NaC1) containing 0.25% Tween 20 and 5% (w/v) non-fat milk 
("Marvel" powder) overnight with gentle agitation. The blocking solution 
was then removed and the primary antibody added, diluted to an 
appropriate concentration in lx PBS containing 0.05% Tween 20. Incubation 
with the primary antibody was for at least 1 hr at room temperature with 
gentle agitation. After this incubation, the primary antibody was removed 
and the blots washed four times in large volumes of lx PBS containing 0.5% 
Tween 20 for 5 min each wash. After washing, the horseradish peroxidase 
conjugated secondary antibody was added diluted in the same buffer as for 
the primary antibody. Incubations with the second antibodies were for 1 hr at 
room temperature, followed by extensive washing as before. 
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8.4.vi Detection of immune complexes on membranes. 
The horseradish peroxidase conjugated second antibodies were detected 
using an enhanced chemiluminescent reagent (ECLIM,  Amersham), following 
the manufacturers' instructions. HyperfilmTMECLTM chemiluminescent film 
(Amersham) was used to reveal the bands and the films were developed in a 
Konica SR)(-101A automatic developer. 
8.4.vii Anti-Wis2 polyclonal antibodies. 
Bacterially expressed full length Wis2 was used to immunise rabbits by the 
Scottish Antibody Production Unit. After assessing test bleeds for the 
presence of anti-Wis2 antibodies, a terminal bleed was taken. Clotting was 
allowed to proceed before the blood was centrifuged and the cleared serum 
collected. Serum was tested by probing Western blotted S.pornbe total protein 
extract and was found to detect Wis2 with minimal cross reactivity with other 
S.pombe proteins. The serum was therefore used without further purification 
in subsequent procedures. 
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8.5Escherichia coli manipulations. 
8.5.i Strains. 
DH10B: 	F- ,mcrA, A(mrr-hsdRMS-mcrBC), p8OdlacZAM15, 
AlacX74,deoR, recAl, endAl, araD139, A(ara, leu)7697, galU, 
galKX, rpsL,nupG. 
BL21(DE3): plysS F- , ompT,  hsdSB, (r8 m8 ), dcm, gal, A,(DE3), pLysS, Cm' 
MV1190: 	A(lac-proAB), thi, supE, A(srl-recA)306: :Tnl O(tee) [F' :traD36, 
proAB, lac F'ZAM15]. 
CJ236: 	dut-1, ung-1, thi-1, relAl; pCJ105 (Cm'). 
8.5.ii Media and growth conditions. 
8.5.ii.a Luria-Bertani medium (LB). 
E.coli strains were routinely grown in rich LB liquid or solid media. 
Bacto-tryptone 	log/i 
NaCl 	 lOg/l 
Yeast extract 	5g/l 
glucose 	 lg/1 added from sterile stock after other 
components have been autoclaved. 
For solid medium, 15g/1 Bactoagar was added before autoclaving. 
8.5.ii.b Selective antibiotics. 
Ampicillin - the sodium salt was dissolved in dH20 at lOOmg/ml to make 
a stock solution. This was added to the media at a concentration of 50ig/ml. 
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Chioramphenicol - solid chioramphenicol was dissolved in absolute 
ethanol at 34 mg/mi to make the stock solution. This was added to the media 
at a final concentration of between 15-34 tg/mi. 
Kanamycin - kanamycin sulphate was dissolved in distilled water at 50 
mg/mi to make the stock solution. This was added to the media at a final 
concentration of between 50-70 tg/ml. 
Antibiotic stock solutions were stored at -20°C. 
8.5.ii.c Growth conditions. 
All bacteria were grown at 37°C, either on solid medium or in liquid in a 
shaking incubator. 
8.5.ii.d Colour selection. 
Where blue/white colour selection was available in cloning vectors to allow 
selection of positive colonies, X-gal (5-bromo-4-chloro-3-indolyl-13-D-
galactopyranoside) and IPTG (isopropylthio-I3-D-galactosidase) were added 
to the solid medium. 
X-gal - 40ig/mi final concentration from a 20mg/mi stock solution 
in dimethyi formamide. 




Bacteria were stored on solid media at 4°C for up to 4 weeks. Long term 
storage was in LB medium containing 20% v/v glycerol at -70°C. Bacteria 
were revived from long term storage by streaking a small amount of the 
frozen culture onto an LB plate containing the appropriate antibiotic(s). 
8.5.iii IPTG induction of recombinant protein expression. 
A number of bacterial protein expression vectors use the lacZ promoter 
which is induced on the addition of IPTG to the growth media. 
A 5m1 preculture of E.coli containing the plasmid is grown in LB overnight 
and used to inoculate fresh medium at a 1/50 dilution. The culture is grown to 
0D600 = 0.6 (mid-log phase) and IPTG added to a final concentration of 1mM. 
The induction is allowed to progress for 1-4 hours (determined empirically) 
before the cells are harvested. 
8.5.iv Transformation of Escherichia co 1i 
Competent Escherichia coli cells were made by a rubidium chloride 
procedure modified from a protocol described (Hanahan, 1983). A single 
colony from an LB plate was used to inoculate 2.5 ml of LB medium and left 
to grow overnight at 37°C with shaking. The entire overnight culture was 
then used to inoculate 250 ml of LB medium containing 20 mM MgSO4 and 
left to grow at 37°C with shaking until the 01)600 reached 0.4-0.6. The cells 
were harvested by centrifugation at 6,000 rpm for 5 min at 4°C, resuspended 
in 0.4 vol of ice-cold TF131 (30 mM K-acetate, 10 mM CaCl2, 50 mM 	C'2,100  
mM RbC1, 15% glycerol, pH 5.8) and incubated on ice for 5 mm. The cells 
were again harvested by centrifugation at 6,000 rpm for 5 min and 
resuspended in TFB2 (10 mM PIPES; 75 mM CaCl2; 10 mM RbCl; 15% 
113 
glycerol; pH 6.5). The resuspended cells were incubated on ice for 15-60 mm 
and then frozen at -70°C in 200 i1 aliquots. 
The DNA to be transformed was incubated on ice with 200 t1 competent 
cells for 20 mm. The mixture was then incubated at 42°C for 45 sec before 
being replaced on ice for 2 mm. 450ml of LB was added, mixed gently, and the 
mixture incubated at 37°C with shaking for 1 hr. An appropriate amount of 
the transformation mixture was plated on selective media and left to grow 
overnight at 37°C. 
8.5.v Isolation of plasmid DNA from Escherichia coil 
Plasmid DNA was isolated from transformants by the alkaline lysis method 
(Sambrook et al., 1989). 1.5 ml of an overnight culture of the transformant 
was centrifuged at 14,000 rpm for 1 min, the supernate was discarded, and the 
cell pellet was resuspended in 100 t1 of Solution I (10 mM Tris-HCl pH 7.0; 1 
mM EDTA). 200 l of Solution 11 (200 mM NaOH; 1% SDS) was added, the 
sample was mixed well and incubated on ice for 5 mm. 150 d of Solution III (3 
M KOAc) was added, mixed well and centrifuged for 5 min at 14,000 rpm. The 
supernate was transferred to a fresh tube and an equal volume of 
phenol:chloroform:isoamyl alcohol (25:24:1) added. The phases were mixed 
by vortexing and then centrifuged at 14,000 rpm for 2 mm. The upper, 
aqueous layer was transferred to a fresh tube and 1 ml of absolute ethanol 
was added. After vortexing, the solution was incubated on ice for 10 min to 
precipitate the DNA. The precipitated DNA was recovered by centrifugation 
at 14,000 rpm for 10 mm, drained, air-dried, and resuspended in 50 pl of TE 
buffer (10 mM Tris-HC1, pH 7.0; 1 mM EDTA) containing 10 jtg/ml RNase A. 
The most commonly used procedure to analyse recombinants was to isolate 
the plasmid DNA from individual clones as described, and then identify the 
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insert in the recombinant plasmid by restriction digestion and agarose gel 
electrophoresis. 
8.5.vi Production of single-stranded DNA from Escherichia coli 
The plasmids pTZ18/19 used for site directed mutagenesis (see section 8.8) 
contain the fl origin of replication, so on infection with the helper phage 
M13K07, cells containing these plasmids will synthesise single-stranded DNA 
from this origin, which will then be released in the form of phage particles. 
A colony of E. coli strain CJ236 containing the cloned gene in pTZ19 was 
used to inoculate 5 ml LBCUA (LB plus 100 jtg/m1 ampicilliri, 34 j.tg/ml 
chloramphenicol, and 0.25 pg/ml uridine) and grown overnight at 37°C. 0.5 
ml of the overnight culture was used to inoculate 50 ml LBCU (no ampicillin) 
and was grown at 37°C until slightly turbid. M13 K07 helper phage was 
added to a final concentration of lx 108  pfu/ml and incubated at 37°C with 
vigorous aeration for 90 mm. Kanamycin was then added to a final 
concentration of 70 ig/m1 and culture was left overnight at 37°C with 
vigorous aeration. The cells were then harvested twice at 8,000 rpm for 10 
mm. 250 ig of RNase A was added to the resulting supernate and incubated 
at room temperature for 30 mm. 0.25 vol of 3.5 M ammonium acetate/20% 
PEG-6,000 was added, mixed well and incubated on ice for 30 mm. The 
phagemids were then recovered by centrifugation at 12,000 rpm for 15 mm. 
The supernate was discarded, the pellet drained well and then resuspended in 
200 .tl of high salt buffer (300 mM NaCl; 100 mM Tris, pH 8.0; 1mM EDTA). 
The resuspended phagemids were chilled on ice for 30 min and then 
centrifuged at 14,000 rpm for 2 min to remove insolubles. The supernate was 
extracted twice with neutralised phenol, once with 
phenol:chloroform:isoamyl alcohol (25:24:1), and three times with 
chloroform:isoamyl alcohol (24:1). 0.1 vol of 7.8 M ammonium acetate and 2.5 
vol of absolute ethanol was added, mixed and incubated at -70°C for 1 hr. The 
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single-stranded phagemid DNA was recovered by centrifugation at 12,000 
rpm for 15 mm, the pellet washed with 70% ethanol and resuspended in 20 1 
of TE buffer (10 mM Tris-HC1, pH 7.0; 1 mM EDTA). 
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8.6Schizosaccharom!,ces pombe manipulations. 
8.6.i Strains 
ED812 972 h 
ED836 cdc2-M26 leul-32 ura4-D18 h 
ED837 cdcl-130 ura4-DT18 h 
ED838 cdc2-18 leul-32 ura4-D18 h 
ED840 cdc2-17 leul-32 ura4-D18 h 
ED841 cdc2-45 ura4-D18 h 
ED881 cdc2-33 leul-32 h 
ED1049 leul-32 h 
ED1O51 leul-32 ura4-294 hisl-102 h 
ED1097 wis2::ura4 ura4-D18 leul-32 h 
ED1466 wis2::ura4 ura4 leu-1-32 hisl -102 h 
ED1476 cdc25-22 weel-50 win 1-1 leul-32 h 
8.6.ii Media and growth conditions. 
8.6.ii.a YE 
S.pombe were routinely grown on YE complex medium supplemented with 
adenine and uracil. 
Per litre: 	glucose 	30g 
yeast extract 	5g 
adenine 	75mg 
uracil 75mg 
For solid medium Difco-Bacto agar was added at 20g/l. 
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8.6.ii.b EMM 
When selection for nutritional markers was required cells were grown in 
EMM (Edinburgh Minimal Medium) supplemented accordingly. 
Per litre: 	glucose 20g 





MgCl'  lg 
Vitamins imi 
Minerals 100p1 
For solid medium Difco-Bacto agar was added at 20g/1. 
Vitamins: 5g inositol, 5g nicotinic acid, 0.5g calcium pantathenate and 5g 
biotin, all dissolved in 500m1 dH20. 
Minerals: ig H3B031  1.04g MnSO4.4 H20, 800mg ZnSO4. 7 HO, 400mg FeCl3-
6 H20, 288mg H2MoO4, 80mg CuSo4. 5 HO, 2g citric acid and 20mg KI, all 
dissolved in 200ml dH20. 
Amino acids, leucine, adenine, uracil or histidine, were added at 75mg/l 
where appropriate. 
8.6.ii.c Phioxin B 
To identify dead cells, phloxin B was added, from a stock solution of 
10mg/mi, to a final concentration of 20ig/ml in solid media. Dead cells 
accumulate the dye faster than live cells and so can be differentiated by 
relative colour staining. 
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8.6.ii.d Storage 
S.pombe was stored for up to 4 weeks on solid medium at 4°C. Longer term 
storage was in medium containing 15% glycerol v/v at -70°C. 
8.6.ii.e Growth of liquid cultures 
Exponentially growing cells were obtained by first inoculating a single 
colony into a 10 ml pre-culture of YE or selective media. The pre-culture was 
incubated for 1-2 days at the appropriate temperature until the cells had 
entered stationary phase. An aliquot of the pre-culture was inoculated into an 
appropriate volume of YE or selective media in a conical flask, and incubated 
with shaking at an appropriate temperature until the correct density of cells 
was reached. The volume of pre-culture used to inoculate the culture was 
calculated as follows: 
Volume to add = required density 	x volume of culture 
density of preculture 2° 
where n is the number of doublings 
8.6.ii.f Estimation of cell number 
The optical density (OD) of a culture was used to measure the approximate 
concentration of cells. The OD is approximate, as the reading is affected by cell 
length and composition, but sufficiently accurate for the S.poinbe 
manipulations described in this thesis. For wild-type strains, an 0D595 = 0.1 
corresponds approximately to 2 x 106  cells/ml. 
119 
8.6.iii Genetical analysis. 
8.6.iii.a Crossing strains 
Strains were crossed by mixing together fresh isolates of opposite mating 
type with a loopful of dH20 on the surface of a ME plate. The mating mix was 
then incubated at 25°C for 2-3 days to allow zygotes to form. The progeny of 
the crosses were examined by either random spore or tetrad analysis. 
8.6.iii.b Random spore analysis 
A loopful of mating mix was suspended in imi of sterile water containing 
helicase (Suc d'Helix pomatia, Industrie Biologique, France) to digest down 
the ascus wall and incubated overnight at 35°C. The spores were pelleted and 
washed in dH20 then resuspended in lml dH20, 200iJ was spread onto a YE 
plate. 
8.6.iii.c Tetrad analysis 
Single asci were isolated from a streak of mating mix on a thin YE plate 
using a fine glass needle attached to a Singer micromanipulator. The plate was 
then incubated at 20°C overnight to allow the ascus to break down. The 
spores were then separated on the surface of the plate with the 
micromanipulator and allowed to form colonies. If the asci had not broken 
down after overnight incubation the plate was placed at 35°C until it was 
possible to separate the spores. 
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8.6.iii.d Analysis of growth phenotypes 
Growth phenotypes of cells were tested by replica plating or by streaking 
from a master plate onto EMM plus or minus growth supplements for 
auxotrophs, and onto YE at the restrictive and permissive temperatures for 
temperature-sensitive strains. 
8.6.iv Transformation of Schizosaccharomyces pombe 
S.pombe strains were routinely transformed by electroporation as described 
previously (Prentice, 1992), which achieves a high transformation efficiency. 
Cells to be transformed were grown in 200 ml of YE or selective media to a 
density of approximately 0.5-1x107 cells/ml. They were then harvested by 
centrifugation at 5,000 rpm for 10 mm. The cells were washed three times in 
10 ml of ice-cold 1.2 M sorbitol and then resuspended in 1.2M sorbitol to a 
concentration of 1x109 cells/ml. The DNA to be transformed was mixed with 
200 tl of the cell suspension and immediately transferred to an ice-cold 0.2 cm 
cuvette. This suspension was pulsed at 2.25 kV (11.25 kV/cm), 200 Q and 25 
iF. Immediately after the pulse, 500 jd of 1.2 M sorbitol was added to the 
cuvette. Electroporated cells were spread onto selective media and incubated 
at the appropriate temperature until visible colonies were formed. 
8.6.v Stability test of transformants 
For various reasons, the transformants had to be tested for stability of a 
selectable marker, therefore distinguishing between an autonomously 
replicating plasmid and an integration event. If a plasmid carrying a selectable 
marker replicates autonomously it will be lost in the absence of selection, 
however, if the plasmid has integrated, or there has been a reversion or gene 
conversion event, the selectable phenotype will be maintained even after 
relaxing the selection. To carry out a stability test, a transformant colony was 
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streaked out to single colonies on YE and incubated at an appropriate 
temperature with no selection until visible colonies were formed. 20-50 
colonies from this plate were then patched out on to a second YE plate and 
allowed to grow overnight. This second plate was then replica plated onto 
selective media (YE plates at restrictive temperature or EMM plates minus the 
required supplements) and incubated until growth of the patches could be 
scored. 
8.6.vi Preparation of chromosomal DNA from Schizosaccharomyces pombe 
S. pombe chromosomal DNA was prepared by a large-scale version of a 
method described previously (Durkacz et al., 1985). This method yields DNA 
of sufficient quantity and quality for a variety purposes such as Southern 
blotting and PCR amplification. 100 ml cultures of YE or selective media were 
inoculated and incubated until the cells reached stationary phase (0D595 of 2-
3). The cells were harvested by centrifugation at 3,000 rpm for 10 min and the 
pellets resuspended in 1.5 ml of CPS buffer (50 mM citrate-phosphate buffer, 
pH 5.6; 40 mM EDTA, pH 8.0; 1.2 M sorbitol). 15 mg of zymolyase-20T (ICN) 
was added and incubated at 37CC for 5-30 min until the cell walls had been 
digested. The cells were then centrifuged at 3,000 rpm for 5 min and 
resuspended in 15 ml of 5x TE buffer (50 mM Tris-HC1, pH 7.0; 5 mM EDTA). 
1.5 ml of 10% SDS was added, mixed well and incubated at 65C  for 5 min. 5 
ml of 5 M KOAc, pH 5.6 was added and incubated on ice for 30 mm. The 
mixture was centrifuged at 5,000 rpm for 15 mm, then the supernate was 
passed through a gauze and 20 ml of ice-cold isopropanol was added and left 
for 5 min at -70°C. The precipitate was recovered by centrifugation at 10,000 
rpm for 10 min, drained well and air-dried. The pellet was then resuspended 
in 3m1 of 5x TE buffer (50 mM Tris-HC1, pH 7.0; 5 mM EDTA), RNase A was 
added to a final concentration of 20 mg/ml, and incubated at 37°C for 2 hr. 
The preparation was extracted with an equal volume of 
phenol:chioroform:isoamyl alcohol (25:24:1), mixed well, and centrifuged at 
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10,000 rpm for 10 mm. The upper, aqueous phase was transferred to a fresh 
tube and 0.1 vol of 3 M NaOAc and 2.5 vols of absolute ethanol were added, 
mixed and incubated on dry ice for 1 hr. The DNA was recovered by 
centrifugation at 10,000 rpm for 10 mm, washed with 70% ethanol and air-
dried. Finally, the DNA was resuspended in 200 t1 of TE buffer (10 mM Tris-
HC1, pH 7.0; 1 mM EDTA). 
8.7 Polymerase Chain Reaction (PCR) 
PCR (Saiki et al., 1985; Mullis et al., 1986), was used routinely for 
amplification of specific regions of DNA for cloning and for adding 
convenient restriction sites where required. It was also used as a convenient 
method for screening colonies during cloning. Each different PCR reaction 
has to be optimised to give sufficient amounts of the correct product without 
non-specific amplification. Optimisation is achieved by varying the thermal 
cycle which can be divided into three distinct steps: 
Denaturing step 
The reaction mixture is incubated at 95°C to denature the double stranded 
template. 
Annealing step 
The annealing temperature varies with each reaction depending on the 
melting point values of the primers in a specific reaction. Generally, the 
annealing temperature used was 5°C below the lowest melting point of the 
two primers. The melting point of each primer was calculated using the 
following formula (Bolton et al., 1962): 
Tm  = 81.5 + 16.6(log10[Na] + 41.0 (fraction C + G) - (600/N) 
where n = oligonucleotide length in bp 
(iii) Extension step 
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The reaction mixture was incubated at the optimum temperature for the 
thermostable polymerase being used in the reaction. Two different PCR 
enzymes were used depending on the requirement for accurate amplification: 
Taq polymerase (Promega) where the fidelity of the product was not 
important (e.g., screening colonies or miniprep DNA) or Expand T' High 
Fidelity (Boebringer Mannheim) which is a mixture of Taq and Pwo DNA 
polymerases and contains proofreading ability where the accuracy of the 
product sequence was important (e.g., amplification of sequences to be 
cloned). 
For this project, PCR amplification was carried out using 25-35 thermal 
cycles on a Hybaid 'Touchdown' PCR thermal cycler. The reactions were set 
up as follows: 
Tag DNA polymerase Expand TI 
High Fidelity 
Template DNA 0.1 - 0.75 ig 0.1 - 0.75 pg 
MgCl2 1.5 mm 1.5 mM 
(in buffer) 
lOx buffer 5.i1 (Promega) 5t1 
(Boehringer) 
dNTPs 200 nM 200 nM 
Forward primer 200 nmol 200 nmol 
Reverse primer 200 nmol 200 nmol 
Enzyme 3 units 1.5 units 
sterile distilled water up to 50 il up to 50 tl 
The incubation times at each step were generally as follows: 
Denaturing (94°C) 	1 mm 
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Annealing (40°C - 60°C) 1 mm 
Extension (68°C - 72°C) 1 min per kb to be amplified. 
8.7.ii Primers used in this work. 
8.7.ii.a Amplification of Wis2 N-terminal region 
2NF TTTTGCACCATATGAGTA 
2NR GGATCCTTAGCAAGTTCCACATTC includes in frame STOP 
codon 
8.7.ii.b Amplification of Wis2 N-terminal region 
2CF 	ATCAGCATATGACTTGCACA includes in frame ATG 
2CR CGATGAATTCAATTACTGAAACATC 
8.7.ii.c Primer for mutation of putative NES sequence 
NESA ATATACGCAAACGCAGCCGCAGTAGCTflG includes 2 
alananine codons in place of leucine codons 
8.7.ii.d Degnerate primers for PCR screen 








8.8 pGEMT cloning of PCR products 
The pGEM-T and pGEM-T Easy Vector Systems from Promega were used to 
clone PCR products according to the manufacturers' instructions.. The system 
includes a vector which is pre-cut with EcoRV and has a 3'terminal T added to 
each end, this allows efficient ligation of PCR products that have a 3' terminal 
A added by Taq polymerase. Recombinant plasmids can be selected by 
blue/white screening on IPTG/X-gal plates due to the presence of the 3-
galactosidase cc-peptide coding region which is inactivated by insertion of a 
PCR fragment. Also flanking the cloning site are a number of restriction 
enzyme recognition sites, although these were not often used for subcloning 
due to the addition of specific sites to the PCR products. The use of the 
pGEM-T systems allowed PCR products to be conveniently cloned, amplified, 
sequenced and subsequently subcloned. 
8.9 Single stranded mutagenesis 
Mutagenesis was carried out on single stranded phagemid DNA using the 
Muta-Gene® Phagemid In Vitro Mutagenesis Version 2 kit (BioRad), following 
the manufacturers' instructions precisely. Single stranded phagemid DNA 
was prepared as described elsewhere in this chapter (Section 8.5.vi). 
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8.10 Synthetic lethality screen. 
The following is the protocol for the synthetic lethality screen which is 
discussed in Chapter 6. 
lOml of appropriate medium (EMM +leu+ura+thi)was inoculated with a 
single colony and grown overnight. The required amount of preculture was 
used to inoculate 50m1 of media to give a cell density of 0.5-2 x io cells/mi 
after overnight incubation in a shaking incubator. The cell density of the 
overnight culture was measured and 3 x lO8cells were transferred to a sterile 
tube. The cells were pelleted by centrifugation at 5,000rpm for 10 mins then 
resuspended in 3m1 of medium (EMM+leu+ura) to give a cell density of 1 x 
108  cells/ml. Two lml aliquots were transferred to sterile imi tubes and 
ethylmethanesulphonate (EMS) was added to one of the tubes at a final 
concentration of 2%v/v. The samples were then incubated for 3 hours at 
room temperature with shaking. The EMS treated sample was pelleted by 
centrifugation and the supernate discarded into 50% sodium thiosulphate. the 
cells were washed 3 times in medium (EMM+leu+ura) with the supernate 
being discarded into sodium thiosulphate each time. 
In order to measure the percentage survival after EMS treatment the 
treated and non-treated cells were diluted in medium to 1 x io, 1 x 10, 1 x 10 
cells/mi. 200t1 of each dilution was spread in duplicate onto plates 
(EMM+leu+ura) and incubated at 32°C until colonies formed. The percentage 
survival was then calculated by counting the colonies from the treated cells 
and expressing that number as a percentage of the number of colonies on the 
corresponding plates from non-treated cells. 
Mutants displaying synthetic lethality with wis2A were sought from the EMS 
treated cells. The washed EMS treated cells, at 1 x 108  cells/ml, were diluted 
with medium (EMM+leu+ura) and plated onto EMM+leu+ura (i.e. Wis2 
expression switched on from pREP41) at an estimated density of 5000 
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cells/plate. The plates were then incubated at 32°C until colonies formed. The 
colonies were then replica plated onto selective medium (EMM+leu+ura+thi) 
containing PhloxinB and grown at 32°C. Colonies that contained a large 
number of dead cells when grown under selective conditions were identified 
by their red colour due to increased uptake of Phioxin B by dead cells. Red 
colonies were resuspended in non-selective medium then spread onto non-
selective plates and incubated at 32°C. Resulting colonies were then tested 
again for their ability to grow on selective medium. 
8.11 Immunofluorescence. 
This is the protocol used to establish the cellular location of Wis2 by 
immunofluorescence, as described in Chapter 5. 
lOmls of 30% formaldehyde was made up in the fume hood by adding lOmls 
PEM to 3g of paraformaldehyde in a 50 ml polypropylene tube and heating in 
a waterbath at 65°C for 5mins. 12 drops of 5M NAOH was added and the 
solution mixed. The tube was replaced in the waterbath until almost all of the 
formaldehyde had gone into solution. The solution was cooled to culture 
temperature and centrifuged to pellet any undissolved formaldehyde. The cell 
density of an overnight culture was measured sufficient culture to give 7.5 
x107 cells was placed into a polypropylene tube. 0.125 volumes of 30% 
formaldehyde solution was quickly added and mixed thoroughly. 30secs to 
1min later glutaraldehyde was added to a final concentration of 0.2%, the 
suspension was mixed well and incubated for 30-90mins in a shaking 
incubator. 
The fixed cells were pelleted centrifugation the resuspended in lml of PEM 
and transferred to a 1.5ml tube. The cells were pelleted in a microfuge with 
the tube hinge facing away from the central axis. The tube was turned around 
and centrifuged once more. The pellet was washed 3 times with PEM using 
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the double spin technique then resuspended in 0.5m1 PEMS + 0.5mg/mi 
Zymolyase lOOT. This was incubated at 37°C for up to 70 minutes until cell 
wall was digested. The double spin technique was used to pellet cells 
throughout to prevent cell loss. 
Once the digest was complete, the cells were pelleted and resuspended 	in 
PEMS + 1%Triton X100. After 30secs the cells were pelleted and washed 3 
times with PEM. Unreacted glutaraldehyde was quenched by the addition of 
sodium borohydride. A little sodium borohydride solid was placed into a 
15m1 polypropylene tube and 1-2mls PEM was added to it and mixed. The 
cell pellet was resuspended in 0.5m1 sodium borohydride solution and 
left with the lid open for 3-5mins as the solution bubbles excessively. The cells 
were pelleted and washed twice in PEM then resuspended in 0.5ml PEMBAL 
and placed on a rotating wheel for 30mins. 1/5 of the cell suspension was 
placed in a fresh tube and pelleted then resuspended in 100.tl of primary 
antibody at the appropriate dilution in PEMBAL ( 1/50 dilution of anti-Wis2 
antibody used). The cells were incubated in primary antibody for 5 hours to 
overnight on a rotating wheel at room temperature. 
The cells were pelleted and washed 3 times with PEM then resuspended in 
100tl of secondary antibody solution in PEMBAL. FITC conjugated anti-rabbit 
antibody was used at 1/100 dilution for the Wis2 localisation. The cells were 
incubated on the rotating wheel in the dark (wrap tubes in foil) for 3 hours. 
The cells were pelleted from the secondary antibody solution and washed 
once in PEM. They were then washed once more in PBS before being 
resuspended in 100 p1 PBS for mounting (DAPI binds much better in PBS than 
PEMBAL). 
Coverslips were washed in detergent, water and finally acetone before 
drying them on filter paper. Enough poly-L-lysine was pipetted onto the 
coverslip to cover the surface the excess was removed before leaving it to 
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dry. The cells were mounted by placing the suspension on the coverslip then 
immediately removing as much as possible by holding the coverslip at To 
mount the cells, place the suspension on the coverslip then immediately 
remove as much as possible by holding the coverslip at 450  to drain excess 
solution to one corner and pipetting it off. The coverslips were then left flat to 
dry. Once the cell suspension had dried the coverslip was inverted over 5p1 
mounting medium (Anti-fade with DAPI) on a clean microscope slide. Images 
were captured using a Princeton Instruments digital camera attached to a 
Zeiss Axioskop 2 microscope and IPLab software. 
8.12 S.pombe protein extracts. 
Total protein extracts were prepared from S.pombe by the following 
method for use in in vitro binding experiments and to check expression levels 
of proteins. 
A 50ml culture was grown overnight to mid log phase. The cells were 
pelleted by centrifugation then resuspended in STOP buffer (150mM NaCl, 
5OmMNaF, 10mM EDTA, 1mM NaN3). After centrifuging again the supernate 
was drained off and the cell pellet was resuspended in 2 volumes of extraction 
buffer (50mM Tris-Cl pH7.5, 1mM EDTA, 10% glycerol, 50mM NaF, 1mM Na 
Vanadate, 1mM PMSF, 1mMDTT, 
1 x Complete proteinase inhibitor cocktail [Boehringer Mannheim]). The cell 
suspension was then transferred to 1.5m1 tubes with a maximum of 200p1 in 
each tube. 
Acid washed glass beads were added to the tubes to just below the 
meniscus of the cell suspension. The tubes were then vortexed for 20 seconds 
5 times, chilling them on ice for 1 minute between each time. The bottom of 
the tube was then punctured with a red hot needle and then placed inside 
130 
another 1.5m1 tube. The tubes were then centrifuged for 2 minutes at 2,500 
rpm. The flow through in the bottom tube was transferred to another fresh 
tube and centrifuged at 13,000 rpm for 15 minutes at 4°C. The supernate was 
then transferred to another tube and stored at -20°C until use. 
8.131n vitro protein-protein interactions. 
The following is the protocol used to investigate the proteins that interact 
with Wis2 as described in Chapters 3 and 4. GST fusions of Wis2 were 
expressed in E.coli then bound to glutathione sepharose (GS-sepharose). The 
sepharose/GST-fusion resin was then incubated with native total protein 
extracts from S.pombe (see section 8.11). After incubation the resin was 
washed several times, bound proteins were then removed, separated by SDS-
PAGE and visualised by Coomassie stain. 
Coomassie R250 was routinely used to visualise proteins but Gelcode 
Bluestain (Pearce) was used where bands were to be excised and sequenced 
imi glutathione sepharose (0.5m1 resin) for each GST fusion protein to be 
used was placed into a 1.5m1 tube and allowed to equilibrate to room 
temperature. The resin was then centrifuged for 30secs at 13K and the liquid 
was drawn off using fine gauge needle (with the flat side against the side of 
the tube) and a 2m1 syringe. The resin was then washed 4 times with 1.0 ml 
buffer (20mM Tris pH7.2,0.1M NaC1). After washing, the resin was 
centrifuged and the amount measured. Buffer was added to the resin to give 
a 50% suspension. 
A 5m1 E.coli culture expressing the appropriate GST fusion protein was 
centrifuged and the pellet resuspended in buffer (20mM Tris pH7.2,0.1M 
NaC1). The bacterial suspension was then sonicated to lyse the cells then the 
sonicate was centrifuged at 14,000 rpm for 10 minutes at 4°C to produce a 
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cleared lysate. The cleared lysate was then added to 100R'  of the 50% resin 
and incubated at room temperature for 1 hour on a rotating wheel to ensure 
constant mixing. 
After incubation with the bacterial lysate the resin was washed with buffer 
4/5 times as above before addition of S.pombe total protein extract. 
Approximately 50-10ig of total protein was added to each tube with the 
amount being constant within each experimental set. The samples were again 
incubated for 1 hour at room temperature on the rotating wheel before being 
extensively washed. The resin was only centrifuged for 20 seconds a this 
stage to avoid pelleting any aggregated proteins. 
The washed resin was resuspended in 30pi 1X reducing sample buffer then 
boiled for 2 minutes. The resin was then centrifuged and the sample removed 
using a needle and syringe, as above. 20i1 samples were loaded onto 
polyacrylamide gels for separation of the constituent proteins by 
electrophoresis, as described in section 8.4.1. 
The gels were stained with Coomassie Brilliant Blue (section 8.4.ii) to 
visualise the protein bands, but if the bands were to be excised for 
identification the gels were stained with Gelcode Bluestain (Pearce) which 
does not interfere with subsequent steps. Alternatively the proteins resolved 
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